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Abstract—In this paper, steering characleristics of a rigid
wheel (tire) on loose soil is investigated. Based on terra-
mechanic analysis, the lateral force characteristics of a driving
wheel is modeled as a function of slip ratio and slip angle, The
model suggests that the lateral force decreases according to
the increment of the slip ratio and increases according to the
increment of the slip angle. Such characteristics are confirmed
and evaluated by experiments using simulated lunar-surface
so0il, called Lunar Regolith Simulant. The proposed model
is validated with the experimental results in reasonable
precision. A model that properly predicts the lateral force will
be useful for future practical issues, such as controlling the
steering motion of a vehicle for following a desired trajectory
in the operational phase, and also to compare the feasibility
and/or stability of candidate steering maneuvers in the motion
planning phase.

I. INTRODUCTION

The use of a mobile robot, or Rover, for lunar/planetary
mission significantly increases the flexibility of exploration,
thereby bringing more scientific discoveries [1]. Such a
lunar/planetary rover is however expected to travel at a
long distance and perform complex scientific tasks. The
last decade has seen a considerable amount of research
effort in the development of lunar/planetary rovers from
various aspects accordingly [2]-[6].

The soil of terrain of a plant is often loose. Intensively
studied in the modeling of a wheel is thus a physics-based
model, which incorporates traction mechanics between
the wheel and terrain as well as the conventional terra-
mechanics model. The effect of the traction mechanics
of the rover performance in simulation, plan, and control
can be found in a number of papers [7]-[14]. Iagnemma
et al. [9], for instance, developed an on-line method to
identify terra-mechanic parameters of soil (friction angle
and cohesion stress) using onboard sensory data. Grand
et al. [10] developed a sophisticated simulation model
that takes the flow of loose soil under the wheel into
account. The present authors [11]-[ 15] also investigated the
wheel-soil traction mechanics by incorporating slip ratio

as a key parameter for the evaluation of the net traction .

force, Drawbar Puil, on loose soil such as Lunar Regolith
Simulant,

On loose soil, wheels are easy to slip or spin, then lose
traction. The soil under the slipping wheel is removed so
that the wheel sinks into the soil. The traction force under
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the wheel is then subject to the characteristics of this soil
removal, which is modeled by the soil’s terra-mechanic
parameters such as the friction angle and cohesion stress.
In addition, dynamic sinkage of a spinning wheel is a
significant factor to increase the rolling resistance and
decrease the net traction of the wheel. It, however, turned
out that the traction mechanics including the dynamic
effects could be modeled as a function of the slip ratio
when the soil and whee! parameters are given.

One remaining concern for the present authors is the
modeling of the lateral (side) force of the wheel. When
a wheel steers from its traveling direction, lateral force
is produced. For pneumatic tires on a rigid surface their
steering characteristics have been well studied, though, the
study of the steering characteristics for rigid wheels on
loose soil that is still an open issue. If the lateral force
can be modeled properly, such a model must be useful to
control the steering motion of a vehicle to follow a given
trajectory. In additionally, the model is used to evaluate and
compare possible steering maneuvers from the viewpoint
of whether they are feasible and/or stable to follow in the
motion planning phase.

In this paper, a physical traction model of a rigid wheel
is derived. After enabling the derivation of the longitudinal
traction force, the lateral force, which is produced by the
share stress of the soil under the whee! and the bulldozing
resistance at the sideward of the wheel, is also formulated.
The direction of the lateral force is perpendicular to the
wheel spin, though, the magnitude of the lateral force has a
relationship with the longitudinal slip ratio. As an extreme
case, when the longitudinal slip ratio is one (at which
the vehicle’s traveling velocity is zero, while the wheel
is spinning), the lateral force becomes zero.

In order to confirm the model, experiments are carried
out using a single-wheel test bed. In the test bed, forces and
moments produced by a single wheel are measured when
the wheel is forced to travel at an arbitrarily given velocity,
given a rotational velocity and a slip angle. Throngh
the experiments, the validity of the developed model is
confirmed in the evaluation of the traction forces with a
reasonable precision.

The following section presents the definition of wheel
coordinate and some symbols. Section III refers to the
traction model and particularly deals with the derivation of
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Fig. 1. Definition of the wheel coordinate frame

lateral force. Numerical simulation and experiments results
are respectively described in Section IV and V so as to
discuss about the proposed traction model.

II. DEFINITIONS AND NOTATIONS

The following analysis deals with a rigid wheel rotating
on a loose soil. First, let us define a coordinate system
to describe the motion of the wheel using a right-hand
frame as shown in Fig.l, where the longitudinal direction
is denoted by z, the lateral direction by y, and the vertical
direction by z. The coordinate frame turns according to
the steering action of the wheel (the yaw rotation around
z axis) but does not rotate with the driving motion of the
wheel (the pitch rotation around y axis).

The symbols are defined as follows:

w : angular velocity of the wheel drive (around y
axis)
r : radius of the wheel

rw  circnmference velocity of the wheel
5 :slip angle

v : traveling velocity of the wheel
V. : longitudinal traveling velocity (= V cos 3)
Vy ¢ lateral traveling velocity (= V sin 3)

Fy, Fy, F;: forces acting from the ground to the wheel

The angle 3, which is called “slip angle,” is the angle
between the wheel driving direction and its traveling direc-
tion. When a vehicle is under the steering action, wheels
are making side slip or skidding. This means that wheels
have some slip angles.

III. TRACTION MODEL FOR A SINGLE WHEEL

A. Slip ratio and slip angle

‘When a wheel is traveling on a loose soil, the wheel can
slip both in longitudinal and lateral directions, The slip
in the longitudinal direction is measured by “slip ratio,”

{3 (Slip angle)

}y(ﬁ)

Fig. 2.

Forces and stresses acting on the wheel

which is defined as a function of the longitudinal traveling
velocity and the circuomference velocity of the wheel:

s { (rw—V.)/rw
(rw — Va)/Vy

The slip ratio takes a value from —1 to 1.

On the other hand, the slip in the lateral direction
is measured by “slip angle,” which is defined by the
longitudinal and lateral traveling velocity of the wheel as
follows:

(rw > Vg : driving)

(rw < V; : braking) 0

2 Y
= ¥
B =tan V. 2)

B. Longirudinal wheel force Fy

A general model for a rigid wheel on loose soil is
depicted in Fig.2. The longitudinal force F, that the soil
exerts to the wheel is calculated using the normal stress
o(f) and the share stress in x direction 7-(#) of the soil

under the wheel by the integral of those from the angle of
approach 8 to the angle of departure 8, [16]-[18]:

]
Fy = rb[ f{'rm(t?) cosf — ¢(8) sin 0}d6 3)
o-

where b is the width of the wheet,
The normal stress of the soil o(6) is modeled as
[14](15]): ‘
cosf —cosfly .,
o(0) = Umu(cos O — cos Oy
(for Om < 8 < ;) 4)
cos{fy — %‘_’%(Gf — 0m)} — cost; "
cos By, — cos b

(for 6, < @ < 0,) (5}

a(6) = Omax

where 6, is the angle of maximum stress, and at this point
the maximum stress @p,q; is modeled by the following
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Fig. 3. Latcral (side) forces acting on the whee!

terra-mechanic equation [16]:
k
Omaz = T”(—bc- + ko) (cos By, —cosfy)™  (6)

The share stress 7:(f) is also expressed:

=(6) = (c+a(0)tan@)[1 — exp /) o)
Jz = rly—0—(1-s)(sinf; —sind)] (8)

where the symbols introduced in the equation are repre-
sented:

Iz ; soil deformation in z direction

c : cohesion stress of the soil

ke : soil stiffness related to the cohesion

¢ : internal slip angle of the soil

kg : soil stiffness related to the friction angle
ks : share displacement in x direction

C. Lateral wheel force F,
The lateral force F}, is given by:

F,=F,+F, )]

where F,, is a force produced by the share stress in y
direction undemeath the wheel. F, is a reaction force
generated by bulldozing sideward the wheel as shown in
Fig.3.

Derivation of F,
As shown in Fig.2, the force F, is subject to the share

stress in y direction 7, {#). This stress is modeled by the
following equation:

7,(0) = (c+ o(6) tan ¢}[1 — e Fv/Fv]

where k, is the share displacement in y direction. The
soil deformation in y direction j, can be calculated by the
following equations:

t s 1
Jy = nydt:f V sin g~df
0 & «

- sinF g

= r(lsd— s)(0y ~9) - tan 8 (1D

Hence, the force F, is obtained by the integral of 7, (6}
from the angle of contact 8¢ to the angle of departure &,.

(10)

05
F,=rb f 7 (0)d (12)
8,

unlt wicth board S~ @round swell

soll level

ho
h

destructive phase
Fig. 4. Estimation model of bulldozing resistance

Derivation of F,

Hegedus’s bulldozing resistance estimation is applied
in order to derive the force F,. As shown in Fig4, a
bulldozing resistance [, is generated to unit width board
when the board moves to the right direction. According to
Hegedus’s theory, a destructive phase can be assumed as
a linear curve, and, moreover, ground swell is considered.
Then, the R; can be estimated as:

R — cot X, + tan(X. + &)
' T tanao tan(X. 4 ¢)

(cot X, —tana')? }]
tana- + cot ¢
{13)

In the above equation and in Fig.4, the following symbols
are used.

[h ot %phz{(cot X, —tana) +

a : angle of approach

P : soil density

h : wheel sinkage

ho : height of ground swell .

X. : angle between soil level and destructive phase

Wheel sinkage h is modeled as a function of @ and slip
ratio [16]-[18].

h(6) = r(cos @ — cosBf) + cgs (14)

The angle of approach a° should be zero when this
estimation is adapted to a case of a sideward of the wheel,
Moreover, according to Bekker’s theory, the angle X can
be approximated as described below [18]:
¢

=45 - 2 15
X,=45 5 (15)

Thus, adapted K}, is obtained as:

1 t° X
Ro = {cot Xe+tan(Xc+¢)} [h-c+ 59},2 (cot X.:Jrct:Ot - )]
(16}

Finally, 7. can be calclated by the integral of R, from
the angle of contact & to the angle of departure &,.

o5
F = [ Ryl
R
8y
= f Ry(r — h{f) cos 9)df
o
oy 1 .
= {cotXc+tan(X¢+¢)}] {h(9)+§ph @)
or
2 Xc
(cot X, + %ﬁ;) }(r —hf)cosB)dE ()
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Fig. 5. Geometric relationship for cornering force and drag force

Here, df is an unit width at the sideward of the wheel.

Using equations (9), (12} and (37), the relationship of
the lateral wheel force can be obtained as a function of the
slip ratio s and slip angle §.

D. Cornering force Fo and drag force Fp

When the wheel is under a steering, the motion of the
wheel traces a circular arc. The force in the direction
of instantancous center at the part of the arc is called
“cornering force” and denoted by Fi;. This force balances
with the centrifugal force of a vehicle. On the other hand,
the force perpendicular to the cornering force is called
“drag force” and denoted by Fz, which balances with the
acceleration/deceleration force of a vehicle in the traveling
direction. As shown in Fig.5, the relationship of these
forces with F; and F), is calculated using the slip angle G.

Fo =
Fp =

Fpsin 3 + Fy cos 3
Frcos 3 — Fysinj3

IV. NUMERICAL SIMULATION

Using the above equations, numerical simulations were
carried out to evaluate the lateral force of a wheel and
furthermore in order to clarify relationships between the
longitudinal and lateral force when other conditions are
givern.

(18)
(19)

A. Numerical procedure

The procedure io obtain the wheel forces is summarized

as follows:

1} Input the vertical load I, the longitudinal slip ratio
s, and the slip angle 3.

2) Determine the angle of contact # and the angle of
departare @, from the model of wheel sinkage.

3) Determine the vertical stress o (@) and the share
stresses 7, (f), 7,(6) under the wheel from the stress
distribution model (Equations from (4) to (7)).

4) Determine the longitudinal wheel force F, by equa-
tion (3).

5) Determine the lateral wheel force £y, by equations

).

20T T T T T T o
slip angle = large

slip angle = small
N L L | . " 1
0.0 0.2 0.4 06 08 1.0
slip ratio

Fig. 6. Simulation results for the laeral wheel force Fj,

B. Simulation condition

Simulations were performed under the same condition
as the following experiments. For both the simulations
and experiments, rigid wheel with a radius of 0.09 [m]
and a width of 0.1 [m] was used on a loose soil called
“Lunar Regolith Simulant” This is a simulated soil of
Lunar Regolith in terms of similar material compenents
and mechanical characteristics.

The parameters used in the simulations are listed in
Table.l, the values of which were identified from other
experiments. The experiments were carried out based on
the terra-mechanic procedure {15].

TABLE I

SIMULATION PARAMETERS AND VALUES
parameter value unit

¢ 0.8 [kPa]

¢ n2 |deg]

r 0.09 {m}

[ 0.1 [m]

kx 4 [m]

ke 40-50 [m]

ke 179 x 10 | [N/m®+)

ke 1.95 x 10% | [N/mn+1)

o 0.031 [m] |

C. Simulation result (Lareral wheel force Fy)

Fig.6 depicts an example of simulation results. The
figure describes the lateral wheel force Fy, as a function of
the longitudinal slip ratio s for various slip angles 5. From
this figure, it is seen that the lateral force approximately
has a maximum value at 5§ = 0.3, and increases according
to the slip angle.

The result is reasonable because the larger the slip angle
is the larger the lateral force becomes. It is however inter-
esting to know that the lateral force decreases constantly
and finally becomes almost zero at s = 1.0.

Note in contrast that the longitudinal force generally
increases according to the slip ratio s, At s = 1.0, the
longitudinal force can be smaller than the value at other
slip ratio, but it may not be zero. However, the result of zero
lateral force at s = 1.0 is quite reasonable from general
experiences; when traction wheels start spirming on snowy
or icy road, the vehicle loses its steering control.

D. Simulation result (relationship between Fx and Fy)

The Fig.7 shows a retationship between the fongitudinal
wheel force F, and the lateral wheel force Fy. According
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Fig. 7. relationship between Fz and Fy

to this graph, when the longitudinal slip ratio s is under a
constant state, the longitudinai force is rarely influenced by
the slip angle 3 or the lateral force, while the longitudinal
force generally increases according to the slip ratio s as
stated previously., However, let us consider that a rover
steers with a constant value of slip angle 3. From Fig.7,
when the slip ratio becomes larger than 0.6, the lateral
force decreases rapidly in such a case. Then, according to
the decrease of the lateral force, the cornering force Fg
also reduced as defined in equation (18),

The cornering force is equivalent with the centrifugal
force of a vehicle. Hence, drastic decrement of cornering
force leads to an instability behavior of vehicles. Particu-
larly, the larger the slip angle, the more easily vehicles wiil
overturn.

Therefore, analyzing the relationship between the lon-
gitudinal and lateral force and additionally clarifying the
mteraction between soil and wheel are important issues in
order to discuss about the stability of vehicles including
rovers.

V. EXPERIMENTS

In order to verify the above simulation results, experi-
ments were carried out using a test bed for a single wheel
locomotion.

A. Single wheel test bed

Fig.8 shows the test bed used for the experiments. The
test bed is constituted by the wheel traveling and driving
units. The wheel traveling unit has a belt conveyer to move
the wheel unit with an arbitrary velocity. The wheel is
rotated with an arbitrary angular velocity by its driving
vnit. Arbitrary steering angles (which is equivalent to the
slip angle in this case} can be set between the traveling
unit and the wheel.

The traveling and rotating velocities are measured by
an encoder at the each corresponding driving motor. The
wheel forces are measure by a 6-axis force/torque sensor
located between the traveling vnit and the wheel. Lunar
regolith simulant is used for the soil under the wheel.

In the following experiments, the velocities are set so
that a longitudinal slip ratio is constant during a single
run of the wheel for about 2 meters. The slip ratio is set

- Linear
‘? i Potentiometer

Fig. 8  Single wheel test bed

Fig. 9. Trace of a whecl on Lunar Regolith Simulant

from 0 to 0.7 with a step of 0.1. The slip angle is also set
constant during the single run. The value of the slip angle
is set from O to 16 degrees with a step of 4 degrees.

B. Experimental results

Fig.9 shows a picture of the trace on the soil after
the experiment with the slip angle of 16 degrees and the
slip ratio of 0.6. As seen from the picture, the wheel has
parallel aluminum fins (paddles) of 1.0 cm height around
its surface. Also, it is observed that the trace is not flat but
the inside (the centripetal direction) of the wheel is dug
deeper than outside. This trend is promminent with larger
slip angles.

The lateral force measurements obtained from the exper-
iments are plotted in Figs.10 for each slip angle from 4 to
16 degrees. Corresponding theoretical curve is also drawn
in each figure.

Figs.10 confirm the characteristics that the lateral force
decreases according to the slip ratio and increases accord-
ing to the slip angle. The difference of the measured force
from the theoretical value is generally very small though,
relatively bigger difference is observed in case of 16 degree
of slip angle. As mentioned above the trace of the wheel
is not flat any more, but the theoreticat model introduced
in this paper does not consider this effect. This is one of
possible reasons for a relatively bigger difference, and this
is one of possible points for future improvement of the
model.
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Fig. 10. Experimental results

V1. CONCLUSIONS

In this paper, the steering characteristics of a rigid wheel
(tire) on loose soil has been investigated. Based on the
terra-mechanic formulation, it was illustrated that a rigid
wheel on loose soil has the characteristics that the lateral
force approximately decreases according to the slip ratio
and increases according to the slip angle. Such character-
istics were confirmed and evaluated by the experiments
using simulated lunar-surface soil, called Lunar Regolith
Simulant. The proposed model was validated with the
experimental results in reascnable precision.

The model to properly predict the lateral force will be
useful for fumre practical issues, such as to control the
steering motion of a vehicle to follow a given trajectory in
the operational phase, and also to compare the feasibility
and/or stability of candidate steering maneuvers in the
motion planning phase. :
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