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Hopping mobility is effective for exploration robots present on small celestial bodies including asteroids and comets and their

surfaces are covered in certain places with granular materials such as fine grain sand. However, existing studies do not address

hopping mobility on the aforementioned types of granular materials in detail. Therefore, it is necessary to analyze hopping motion

on sandy surface for future missions. This study presents a parametric analysis of the hopping motion on granular materials based on

a discrete element method (DEM) simulation. In particular, the DEM allows for the numerical simulation of the dynamic behaviors

of numerous fine particles. The DEM defines a sand particle as a simple sphere and computes mechanical interaction between each

particle which follows some simple laws of dynamics. To analyze the hopping motion, we focus on two characteristics of the hopping

motion: the initial hop velocity and hop angle of the robot. In DEM simulations, we change the friction and rolling friction coefficient

of the sand particles, the acceleration of gravity and the angular velocity of the robot. We perform a simplified analysis and assume

that the terrain surface in DEM simulation is smooth and flat and that the robot exhibits a cubic shape. Based on the research results,

we qualitatively evaluate the exploration robot’s motion on a sandy surface by DEM analysis when compared with its motion on a

rigid surface.
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1. Introduction

The exploration of asteroids to clarify their composition is a
mission that is actively planned and executed by countries re-
cently given its significance in revealing information on the ori-
gin of the solar system."? Therefore, it is important to explore
asteroids via probes and robots that can move on the actual sur-
face of asteroids.

In 2005, Hayabusa,»® an asteroid explorer developed by
the Japan Aerospace Exploration Agency (JAXA), succeeded
in its mission of collecting a sample from an asteroid called
“Itokawa”. Exploration on asteroid surface is required to obtain
more information regarding asteroids. Generally, exploration
robots that can traverse an asteroid surface play a crucial role in
asteroid surface exploration.

The characteristics of the environment on asteroids include
the existence of microgravity (the average of magnitude lies
between 10°m/s?> and 10~m/s? ) and uneven surfaces. On
asteroid surfaces, the frictional force that acts on a robot is ex-
tremely low due to the microgravity environment of asteroids in
the case when exploration robots do not actively push the sur-
face and a robot can easily leave the asteroid surface by reac-
tion forces. National Aeronautics and Space Administration Jet
Propulsion Laboratory (NASA/JPL) once launched a project to
explore the asteroid surface and developed a tiny rover named
MUSES CN that adopts wheeled mobility. The robots that
adopt wheeled mobility are highly affected by the reaction force
which accompanies the rotation of the wheels and contacts be-
tween wheels and asteroid surfaces. Hence, the robots are un-
able to move fast and do not exhibit time efficiency of traveling.
The MUSES CN rover did not overcome the problem of devel-
oped cost, which was due to microgravity, and the project was
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aborted.

An example of asteroid exploring robots includes MIN-
ERVA,® which was developed by JAXA, MASCOT? devel-
oped by German Aerospace Center (DLR), National Center of
Space Studies (CNES) and JAXA and Hedgehog® developed
by Stanford University and NASA/JPL. All the aforementioned
examples adopted the use of hopping mobility. The hopping
mobility is generated by reaction torque from the internal mech-
anism of the robot. Robots use hopping mobility to actively
push the surface of the ground. Thus, a high frictional force
acts on a robot even if the robot is in a microgravity environ-
ment. Therefore, robots can obtain high horizontal velocity
while hopping on asteroid surfaces. The hopping mobility al-
lows for a high performance in leaping over obstacles and high
travelling time efficiency. Furthermore, the three robots exhibit
the advantage of a simplified structure in which their actuator
is enclosed inside their bodies. Hence, the hopping movement
is an appropriate moving method for this application. The fea-
sibility of hopping motion on rigid surfaces was validated by
experiments.%®

In the real case, asteroid surfaces are covered in certain places
with granular materials such as fine grain sand.” The motion of
wheeled mobility on a lunar regolith and motion of dynamic
anchors (which are attached to the feet of landers on a granular
surface) are analyzed via simulation.'®'D However, the feasi-
bility of that motion on sandy surface is not analyzed in detail.

In the study, an analysis of the characteristics of the hopping
mobility on sandy surface is performed via numerical simula-
tions. In the numerical simulation, the discrete element method
(DEM) was used.'? Specifically, DEM calculates the interac-
tion between particles that are represented by a simple sphere
based on simple dynamics model and simulates the complete
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Hopping sequence.

complex motion of a few granular materials. Therefore, the use
of DEM makes it is easy to analyze the motions of sand parti-
cles parametrically.

We focus on the hop angle and initial translational velocity
of the robot and analyze hopping motion via altering the fric-
tion coefficient, rolling friction coefficient of sand particles, ac-
celeration of gravity, and torque of the torquer. Following the
analysis, we qualitatively evaluate the hopping motions. Fur-
thermore, to evaluate the hopping motion on sandy surface rel-
atively, we compare the hopping motion on a sandy surface with
similar motion on a rigid surface and discuss the characteristics
of the motion of the robot on a sandy surface by focussing on
hop angle and initial hop velocity of the robot.

The study consists of the following structure. Section 2 dis-
cusses the hopping mechanism. Section 3 presents the dynam-
ics model of DEM. Section 4 describes the numerical simula-
tions of the hopping motion and effects of changing parameters.
Section 5 presents a comparison of the hopping motion on a
rigid surface and granular surface.

2. Hopping Motion

In this study, we set the following two preconditions.

1. The rover should cover whole asteroid surfaces.
2. Granular materials which are dealt in this study do not have
cohesion.

Given microgravity, an exploration robot using wheeled mo-
bility experiences considerably low friction force for locomo-
tion, and thus the mobility provides the robot with extremely
low velocity. Hence, typical wheeled mobility is inefficient to
investigate whole asteroid surfaces. To solve the problem, an
asteroid exploration robot adopts hopping mobility via reac-
tion torque that is generated by an internal built-in torquer. In
the study, hopping refers to the reaction torque applied by the
robot torquer when it actively pushes the ground and the robot
is pushed up by the reaction force. The internal torquer of the
robot rotates, and the robot receives a reaction torque. Subse-
quently, the robot rotates by its reaction torque, and it pushes
the ground. Finally, the robot receives reaction force from the
ground and hops. The sequence is shown in Fig. 1. In the study,
we assume that the shape of exploration robot is cubic, and it
exhibits an internal torquer that is located at the geometric cen-
ter of the cube (see Fig. 1).

3. Dynamics Model of DEM

DEM is a method to calculate the behavior of particles and
interactions between them. It computes the movement of each
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Fig. 2. Contact model of DEM.

particle for each time step and simulates up to millions of par-
ticles by combining the results of the calculations.

The dynamics model of DEM is shown in Fig. 2. Specifi-
cally, DEM defines a sand particle as a simple sphere and cal-
culates the mechanical interaction between particles by using
springs and dampers. The reaction force is given by Eq. (1) —
Eq. (3).

Fy = ky0p, — dyvp,,
n nOn;; nUn;; 1
{Ff = kt(st,-_/- - dfvfij ( )
F=F,+F, 2)
Fr§,uan (3)

In particular, k, and k, denote normal and tangential elastic
coefficients, respectively, of a linear spring. Additionally, d,
and d, denote vertical and shear damping coefficients, respec-
tively, of a damper. Furthermore, on;; and ot; denote normal
and tangential penetrations, respectively, of two particles, and
vn;; and vt;; denote normal and tangential relative velocities, re-
spectively, of two particles. Moreover, p; denotes the dynamic
friction coefficient.

In the study, we use the Hertzian model to compute the inter-
action of particles. 13.19) Therefore, the coefficients in the former
equations are given by the following equations:
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Fig. 3. Applying torque in DEM.
In particular, £ denotes Young’s modulus, G denotes shear
modulus, v denotes Poisson ~ s ratio, and e denotes the coef-
ficient of restitution.

Moreover, the dynamics model of rolling friction in DEM is
elastic-plastic spring-dashpot (EPSD) model.'> In this model,
the rolling friction is given by the following equations:

k, = 2.25k,u*R*? (15)
AM,* = —k, A6, (16)
M,y = MK+ AM K (17)
My pond| < M, (18)
M," = ,R*F, (19)

In Particular, k, denotes the rolling stiffness depending on the
normal elastic coefficient, the rolling friction coefficient (u,)
and the effective radius (R*). A6, denotes the incremental rela-
tive rotation between particles and M, denotes the full mobi-
lization torque determined by the normal force F,, and u,. Ad-
ditionally, DEM computes the motion of particles as per the
following routine:

1. Initialization of particles

2. Detect if collision occurs

3. Determine Net Force, F,,; = ZF

. Determine Acceleration, F,,; = ma
5. Compute new states

During the simulation, DEM repeats the steps from 2 to 5 until
the end of the simulation.

4. Numerical Simulation

A numerical simulation of hopping motion was executed by
using LIGGGHTS, a solver for DEM. In the DEM simulation,
the robot is represented by an assembly of particles. To apply
reaction torque to the robot in the DEM simulation, the particles
that are located at the top and bottom of the robot are given a
certain angular velocity (as shown in Fig. 3). In this section, we
analyze the hopping motion on a sandy surface by focusing on
its initial velocity and hop angle. An example of the DEM sim-
ulation is shown in Fig. 4. In the study, the robot rotates around
an axis. Hence, we executed a 2D simulation to decrease the
computational cost of DEM simulations. The parameters of
sand particles and the robot used in the simulations are listed
in Table 1. The actual granular materials on asteroid surface
are unknown. Hence, we assigned a wide range of particle pa-
rameters by referring to Toyoura sand that is used to construct
dynamics models of sand particles. The objective of this numer-
ical simulation is to assess the characteristics of this hopping
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(a) time = 0's (b) time =2.5%x 107 s

(c) time =5.0x 107 s

(d) time=1.0x 10™* s
Fig. 4. An example of DEM simulation.

motion qualitatively. Besides, the tendency of the hop angle
and the initial velocity against the friction coefficient, the ac-
celeration of gravity, and the angular velocity does not change.
For this reason, the size and mass of the robot do not have a
significant meaning.

4.1. Simulation result

The results of the DEM simulation are discussed in this sec-
tion. We focused on the hop angle and initial velocity of the
robot and analyzed the effects of changing particle parameters.
4.1.1. Hop angle

In this study, the hop angle 8 of the robot is defined by the
arctangent of the ratio of the horizontal component of the trans-
lational velocity to the vertical component of the translational
velocity when the corner of the robot begins to detach from the
ground surface (as shown in Fig. 5).

_1 Ux

Uy

6 = tan (20)

In particular, v, and v, denote the horizontal and vertical com-
ponent of the robot’s translational velocity.

The results of the hopping simulation are shown in Fig. 6 —
Fig. 8. In the figures, i denotes the friction coefficient of sand
particles and y, denotes the rolling friction coefficient of sand
particles. Furthermore, v; denotes the velocity required to apply
torque to the robot. We analyzed the hop angle of the robot
and observed its relation to the acceleration of gravity, friction

coefficient of the sand particles, rolling friction coefficient of
the sand particles, and torque of the built-in torquer.

e Effect of the Friction Coefficient of Sand Particles
Initially, the effect of changing friction coefficient of sand
particles while the robot was hopping was analyzed. In this
simulation, we arrange the other physical parameters listed
in Table 2.

Table 1. Robot and particle parameters.
Parameters Value
Young’s Modulus of Sand Particles 5 x 107 N/m
Poisson’s Ratio of Sand Particles 0.2
Radius of Sand Particles 63x 10 m
Number of Particles 16081
Cohesion of Particles 0 Pa
Size of the Robot 0.05 m cube
Mass of the Robot 1 kg
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As shown in Fig. 6, the hop angle of the robot does ex-
hibit a significant change even if the acceleration of grav-
ity changes. This is because the initial velocity is relative
to the impulse (which the robot receives from the reaction
force), and the impulse depends on the torque of the tor-
quer and not on acceleration of gravity.
o Effect of Rolling Friction Coefficient
Thirdly, the results of the analysis of the effects of chang-
ing the rolling friction coefficient are described. In this
simulation, we set the other physical parameters listed in
Table 4.
As shown in Fig. 7, the hop angle of the robot increases
when the rolling friction coefficient increases. However,
the magnitude was not as high as that while changing the
friction coefficient of sand particles. It was observed that
most of the hopping motion consists of translational mo-
tion, and thus the rolling friction force exhibited a lesser
effect when compared with the frictional force.
e Effect of Angular Velocity
Finally, the effect of changing angular velocity w was an-
alyzed. In this simulation, we apply the other physical pa-
rameters listed in Table 5.
The hop angle of the robot did not change in the case when
the initial angular velocity of the robot corresponded to
1000 rad/s, 1500 rad/s, or 2000 rad/s. Conversely, the hop
angle decreased in the case when the initial angular veloc-
ity corresponded to 500 rad/s. From generalized Poncelet
law, the drag force in granular media is given by the fol-
lowing equation.'®
D = ~f(x) = h(x)i® @n
From Eq. (21), the drag force D is affected by the position
and the velocity of the robot. In particular, D is dominated
by the kinetic energy at the higher velocity and the —h(x)x>
term in Eq. (21) is not important at the lower velocity.
From Fig. 9 and Fig. 10, the velocity of the robot is larger
than 1.0 m/s at w = 700 rad/s and the hop angle 6 starts
becoming large at w = 700 rad/s when y, is 0.3. When the
velocity of the robot is larger than 1.0 m/s, the drag D is
dominated by the kinetic energy because of the Eq. (21).
This is the reason the magnitude of 6 at 1000 rad/s is much
larger than that at 500 rad/s.

Specifically, we focused on the relation between the torque

of torquer and initial velocity.

v Magritude
— 1.300=+00

=065

tu 325

~0,000=+00

(a) w =1500rad/s

v Magritude
—1.300=+00

0,000s+00

(b) w =700 rad/s

\I‘___I\Ifj'“l

(d) w = 1000 rad/s

Fig. 9. Velocity of the robot while touching the surface.

4.1.2. Initial velocity of the robot

Table 3. Parameters for analyzing the effect of g.
Parameters ~ Value
g 10 m/s% - 103 m/s?
u 0.1-0.7
Hr 0.1
w 500 rad/s, 2000 rad/s

The results of the simulation are shown in Fig. 11 — Fig.
13. In the figures, ¢ denotes the friction coefficient of sand

Table 5. Parameters for analyzing the effect of w.

Table 4. Parameters for analyzing the effect of y,.

Parameters  Value Parameters  Value
g 107m/s2, 103 m/s? < 10~m/s2, 103 m/s?
u 0.1-0.7 0.1-0.7
u .1-0.
1y 0.1-0.3 u 0.1
- .
w 1500 rad/s w 500 rad/s — 2000 rad/s
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As shown in Fig. 11 — Fig. 13, the horizontal compo-
nent of the translational velocity increases when the fric-
tion coeflicient increases. This was because the reaction
impulse that the robot received while touching the sandy
surface increased. Furthermore, the vertical initial veloc-

Friction Coefficient of Sand Paticles n
(b) Vertical Direction

Fig. 13. Initial velocity of the robot while changing torque of the torquer.
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Pushing force

Fig. 14. Dynamics model on the rigid surface.

ity increased. This was because the high friction coefficient
lets the ground harden, and thus the robot received a high
reaction impulse while hopping.

Effect of Acceleration of Gravity

Secondly, we evaluate the effects which g holds. The phys-
ical parameters relative to this numerical simulation are
listed in Table 3.

As shown in Fig. 11, the initial velocity did not signifi-
cantly change when compared with that in the other cases.
The impulse which the robot received while touching the
surface depends on the friction and rolling friction coeffi-
cient of sand particles and the angular velocity of the robot.
Therefore, the acceleration of gravity does not affect the
motion of the robot before detaching the ground surface.
Effect of Rolling Friction Coefficient of Sand Particles

In addition, we address the effects of yx, which are relative
to the hopping motion on a sandy surface. Table 4 shows
the physical parameters used in this simulation.

As shown in Fig. 12, the horizontal component of initial
velocity of the robot increases. However, the magnitude
of changing initial horizontal velocity was lower than that
while changing the friction coefficient. While the robot ro-
tating on the ground surface, the contact point of the robot
slips and its motion is translational. Hence, the hopping
motion mainly consisted of translational motion. Thus, the
rolling friction coefficient affects the motion less than the
friction coefficient does.

Effect of Angular Velocity

Moreover, we mention the effects of w which have to do
with the hopping motion of the robot. Table 5 exhibits the
physical parameters used in this simulation.

As shown in Fig. 13, the initial velocity of the robot in-
creases as the angular velocity of the robot increases. In
Eq. (21), the drag force in granular media D is affected
by the position and velocity of the robot. In this case,
D becomes large as the angular velocity increases. Thus,
the robot receives more impulse while touching the ground
surface and obtains more initial hop velocity.

5. Comparison of Hopping Motion on the Sandy Surface
and on Rigid Surface

In this section, we compare the hopping motion on the sandy
surface with that on the rigid surface.
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5.1. Hop angle

We assumed that the case wherein the dynamic friction coef-
ficient of the ground surface was less than 1.0 corresponded to
the main case. In this case, the contact point of the robot (see
Fig. 14) keeps on slipping on the rigid surface. Therefore, the
dynamics model of the robot while touching the surface is given
by the following equations:

d’x T .
Moz = Mg sinf

Ly T (22)
mﬁ = sinf3

Specifically, ug,,,,, denotes the dynamic friction coefficient of
the ground, T denotes the torque of built-in torque, and r de-
notes the half length of the diagonal of the robot. From the
motion equations, the ratio of initial velocity v, /v, is equal to
the dynamic friction coeflicient of the ground surface, and this

leads to the following equation:

Uy

Uy

0=tan™' = =tan”' py,,, <45° (23)
Conversely, when the robot hops on the granular surface, the
hop angle of the robot is as shown in Fig. 7 — Fig. 5. As
shown in the figures, the hop angle significantly exceeds that
in the case of the robot hopping on the rigid surface when the
friction coefficient is low. However, the hop angle was almost
equal to that in the case of the robot hopping on the rigid surface
when the friction coefficient approached 0.9. When the friction
coefficient was near 0.1, the sandy surface was soft. Therefore,
the robot moved into the soft surface and received the drag force
described in Eq. (21) in addition to the frictional force, and thus
the ratio of impulse which the robot received while touching the
ground became large. Conversely, when the friction coefficient
was near 0.9, the sandy surface became hard. Therefore, the
characteristics of the sandy surface resembled that of a rigid
surface, and thus the robot received a relatively low impulse
while touching the ground. Thus, the results of hop angle are as
stated above.
5.2. Initial velocity

Based on Eq. (22), we analyze the result of numerical simula-
tion. The simulation conditions are listed in Table 6. Figure 15
shows the initial horizontal velocity of the robot while hopping
on the rigid surface. In this simulation, the angular velocity for
rotating robot was 2000 rad/s for comparing the hopping mo-
tion on sandy surface with that on rigid surface. A comparison
of Fig. 11 with Fig. 15 indicates that the initial velocity of the
robot while hopping on the sandy surface is lower than that on
the rigid surface. This is because the robot received less impulse
while touching the surface due to the soft sandy surface. How-
ever, even on the sandy surface, the initial translational velocity
of the robot increased when the friction coefficient of sand par-
ticles approached 0.9, and the value was almost equal to that

Table 6. Conditions of the hopping simulation on the rigid surface.

Parameters Value

g 10~>m/s?
Hdgyouna 0.1-0.7
Size of the Robot 0.05 m cube
Mass of the Robot 1 kg
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while hopping on the rigid surface. This was because the robot
received higher reaction impulse while touching the surface be-
cause the sandy surface became hard when the friction coeffi-
cient of sand particles increased.

6. Conclusion

In the study, the hopping motion of the robot on sandy sur-
face was analyzed by using DEM. We focused on the hop angle
and initial hop velocity of the robot and compared the hopping
motion on a sandy surface and rigid surface. The results indi-
cated that the hop angle and initial hop velocity increase when
the friction coeflicient, rolling friction coefficient of sand parti-
cles increase. Moreover, the results indicated that the drag force
which the robot receives follows generalized Poncelet law while
the robot touching the surface. Conversely, the hop angle and
initial hop velocity were not affected by acceleration of gravity.
This leads that it is especially important to apply large torque to
the robot in order to obtain large traveling distance at each hop
on sandy surface. Furthermore, the controllability of the hop-
ping motion was proved due to the results that the hop angle and
initial velocity increase when the torque of the torquer increase.
A comparison of the hopping motion on the two surfaces in-
dicated the hop angle of the robot while hopping on the sandy
surface exceeded that on the rigid surface. Conversely, the ini-
tial velocity of the robot while hopping on the sandy surfaces
decreased although the robot obtained sufficient initial velocity
to hop and hopping motion was also feasible on sandy surfaces.
For the future missions, we have to automate the robot and make
the navigation algorithm by using the analysis results.
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