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Abstract— Surfaces of exploration targets for lunar/planetary
robots (rovers), such as the Moon and Mars, are covered with
fine sand. This sand makes the wheels of a rover susceptible
to slip, and in the worst case, can lead to immobility. To avoid
such situations, it is important to analyze the mechanics of
the interaction between the soil and wheel. Hence, various
devices to measure the normal stress distribution beneath
wheels have been proposed. However, most of the conventional
equipment is only able to measure the distribution in a flat
soil environment. In practice, when a rover traverses sandy
slopes, the normal stress distribution is not expected to have
a simple shape like that for a flat environment. Therefore, we
propose a measurement device for the two-dimensional normal
stress distribution of a wheel on a lateral loose soil slope. Some
experimental results prove the validity of the method.

I. INTRODUCTION

Target environments for lunar/planetary exploration robots
(rovers), such as the surfaces of the Moon and Mars, are
covered with fine and loose sand. Wheel slippage occurs
easily, making it difficult for a rover to follow a given path.
In the worst case, wheels can become buried in the sand and
the robot can become immobile. To avoid such situations,
several studies have been conducted, based on the mechanics
of the interaction between a wheel and soil [1], [2], [3].

In this research field, called terramechanics, a rover’s
weight and generated drawbar-pull are calculated by using
the normal stress and shear stress distributions beneath its
wheels. Therefore, knowing the actual stress distribution
in detail is very useful to validate a wheel-soil interaction
model. Thus, measurements of the stress distributions gen-
erated beneath a wheel have been conducted using various
measurement devices [4], [5], [6], [7], [8].

Hegedus [4] used three transducers per wheel width. Krick
[5] and Senatore et al. [7] used five cantilevers with strain
gage per half wheel width. Nagatani et al. [6] used built-
in pressure sensor array that have four pressure sensors
per wheel width. Shirai et al. [8] used an in-wheel sensor
system that included eight pressure sensors and light sensors.
This system detects contact area accurately, but have two
pressure sensors per wheel width. These devices that used
for stress distribution measurements have low resolution or
do not cover the whole wheel width. Almost all of the typical
measurements have only been conducted on flat and loose
soil.

On the other hand, future exploration missions using
rovers on the surface of the Moon and Mars will require
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- We consider these two wheels.

Fig. 1. A Traversal Situation of a Wheeled Robot

traversing more challenging terrains such as a steep slope
in the inner portion of a crater. Our research group has
conducted lateral traversability analyses of a rover on steep
slopes. In this research, we confirmed that the path tracking
ability is improved by changing the contact angle of the
wheels, and theoretically verified the reason for the improve-
ment [9]. However, in the above research, the actual stress
distribution generated beneath a wheel was not measured
directly. Therefore, in this paper, we propose a method for
precisely measuring the stress distribution generated beneath
a wheel when a rover laterally traverses a sandy slope.

In section II, we explain the two-dimensional (2D) stress
distribution measurement system developed in this paper.
In section IV, we report the results of a measurement
experiment for the 2D stress distribution generated beneath
a wheel when a rover traverses a loose soil slope. Finally, in
section V, we discuss the validity of the experimental results.

II. EXPERIMENTAL SETUP

We target a wheeled rover that traverses a sandy slope
laterally, and the rotational axes of the wheels are perpen-
dicular to the gravity direction as shown in Fig. 1. In this
case, the sinkage depth at the each side of a wheel will be
different. Thus, it is expected that the shape of the stress
distribution generated beneath the wheel in the above case
will be different from that on flat terrain. Therefore, our
objective is to obtain the stress distribution beneath a wheel
in the above case.

In this section, we introduce our measurement equipment,
a target experimental environment, and our measurement
method.
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A. Measurement Equipment

In this study, a force/torque (F/T) sensor unit was devel-
oped as a measurement device. The unit contains a 6-axis
F/T sensor and five “contact-parts” made of thin aluminum
plates, as shown in Fig. 2. These contact-parts fit through
holes in the wheel surface on one end a interface with the
F/T sensor on the other. Each contact-part is a different shape
to allow for measurements at different distance from the
center of the wheel. These distances between the contact-
part positions and the center of the wheel are 0-10 mm,
1020 mm, 20-30 mm, and 40-50 mm. The contact area of
each contact-part is 2.4 mm x 10.4 mm. By using the five
types of contact-parts, the stress distribution in a wheel’s
circumferential direction can be measured at a total of 10
positions. Moreover, four springs are attached to the surface
of the 6-axis F/T sensor to always generate an offset force.
Based on these mechanisms, the dead zone of the 6-axis F/T
sensor is outside the measurement range.

In this study, the F/T sensor unit is mounted on the rear
wheel of two-wheel rover test bed (Fig. 3). By using this
unit, the stress distribution corresponding to the rotational
angle of the wheel can be measured by rotating the wheel
on loose soil. Table I shows the specifications of the rover
test bed.
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Fig. 4. Experimental Environment

B. Experimental Environment

As shown in Fig. 4, a sandbox, which is 1.6 m in length,
0.3 m in width, and 0.2 m in height, is used for our target
environment. It can be used to form a loose soil slope of up
to approximately 20°. The inclination angle « is generated
by lifting one side using three hydraulic jacks. In addition,
in order to maintain the attitude of a wheel, a 1-m-long pole
is mounted on the two-wheel rover test bed body, and two
ball casters are mounted at the top of this pole. The attitude
is supported by the ball casters and aluminum guide plate.
Note that this aluminum guide plate can be fixed at any
tilt angle by considering the slip angle of the rover. Thus,
it is possible to measure the stress distribution generated
beneath a wheel while maintaining a constant attitude for
the two-wheel rover. The sandbox is filled with Toyoura
standard sand. The particle diameters of the sand are nearly
homogeneous, and its cohesion is nearly zero. The soil was
raked and smoothed before the stress distribution generated
beneath a wheel is measured.

C. Measurement Method

The 2D stress distribution of a wheel is measured using
the following procedure:

1. Incline the sandbox to any inclination angle «, using
three hydraulic jacks.

2. Attach a contact-part to 6-axis F/T sensor, and mount
the F/T sensor unit in the rear wheel as shown in Fig. 2.

3. Incline the aluminum guide plate to set the bottom of
the robot perpendicular to the gravity direction.

4. Rake the soil to ensure a flat sand surface.

5. Traverse the two-wheel rover test bed and adjust the
yaw angle of the aluminum guide plate.

6. Repeat steps 4 and 5, and perform micro-adjustments
to the attitude of the two-wheel rover.

TABLE I
SPECIFICATIONS OF TWO-WHEEL ROVER

Size [mm] L830 x W520 x H1190
Mass [kg] 14.8
Wheel size [mm] $250 x W100
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7. Let the two-wheel rover traverse the sandy slope under a
constant condition, and measure the normal stress while
the wheel rotates.

8. Measure the stress distribution on an identical slope, and
use the average data for three repetitions of the test.

9. Repeat steps 3 to 8 for each contact-part position
(Fig. 5).

Using the procedure described above, we obtained stress
distributions for 10 locations in the circumferential direction.
Then, the 2D stress distribution is obtained by overlapping
the obtained stress distributions (Fig. 5).

III. CALIBRATION

In this study, we used two calibration methods for accu-
rately measuring the stress distribution: (1) calibration of the
measurement position in the wheel’s width direction, and (2)
calibration of the contact area between the soil and contact-
part. In this section, we describe these two methods.

A. Calibration for Measurement Position

The device used in this study measures the normal force at
different positions by changing contact-parts. Each contact-
part generates a different moment according to the distance
between the wheel center and the contact-part. Therefore,
as shown in Fig. 6, we conduct a calibration of the stress
measurement for each contact position by using several
balance weights. Fig. 7 and Fig. 8 show the measurement
results. The measured values near the sides of the wheel
were smaller than those near the center of the wheel because
of the moment’s effect. Therefore, we define the correction
coefficient k. to obtain the actual normal force as follows:

Wa

W, ey

kpos =

where W, and W,, denote the actual balance weight and
detected mass of the measurement device, respectively.

Measurement Process of 2D Stress Distribution

Fig. 6. Calibration for Measurement Point

B. Calibration for Contact Area

In order to expose the contact-part to the wheel surface,
the wheel has a hole that is slightly larger than the area
of the contact-part. Because soil enter the gap between the
wheel surface’s hole and the contact area of the measurement
device, the contact-part become covered with soil, as shown
in Fig. 9. Thus, the soil touches the contact-part over a larger
area. Therefore, we introduce the correction coefficient kg ;.cq
for the contact area to precisely evaluate the stress. First,
kareq must satisfy the following condition:

Ap,
1 ka’r‘ea A 2
< < A (2)

where A}, is the area of the hole used to expose the contact-
part, and A, is the area of the contact-part. In our case, A,
is 2.4mm x 10.4mm. Each hole has a 1-mm gap surrounding
the contact-part. Therefore, Ay, is 4.4mm x 12.4mm. In this
study, we experimentally obtained k..., = 1.6 to balance
the vehicle’s weight.
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IV. RESULTS AND DISCUSSIONS

Fig. 10(a) shows the measurement results for the 2D stress
distribution when the test bed travels on flat loose soil, and
Fig. 10(b), (c), and (d) show the measurement results for
the 2D stress distribution when the two-wheel rover test bed
traverses a slope.

When the rover traverses flat loose soil (Fig. 10(a)), the
wheel’s entry angle and departure angle are uniform over
the wheel’s width, and the peak of the stress is generated
at almost the center of the wheel. On the other hand, when
the rover laterally traverses a loose soil slope (Fig. 10(b),
(c), and (d)), although the departure angles are almost the
same over the wheel’s width, the entry angles are different
at the upper side and lower side of the slope. The stress is
generated on one portion of the slope. Furthermore, the peak
of the stress moves from the wheel’s center to the slope side.

We found that this is caused by the difference in wheel
sinkage between the left side and right side of the wheel.
When the rover traverses a loose soil slope with the wheel
inclined toward the slope, the sinkage on the upper side of
the slope increases. Thus, the entry angle to the soil on the
upper side of the slope becomes larger. On the other side,
the entry angle to the soil on the lower side of the slope
becomes smaller because the sinkage on the lower side of
the slope decreases. Based on the above, we found that the
peak position of the normal stress is shifted to the upper side
of the slope.

On the other hand, when a rover traverses a loose soil
slope, sideslip occurs because of the slope failure caused by
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generated beneath a Wheel

the rotating wheel. We found that the sideslip on the lower
side of a slope is caused by pushing aside the soil located
in the forward portion of the wheel.

V. EVALUATION OF MEASUREMENT RESULTS

In order to evaluate the validity of the measured 2D normal
stress distribution, we examine whether the weight of the
two-wheel test bed is balanced using the summation of the
vertical components of the normal stress () and shear
stress 7(0) generated beneath the wheel as shown in Fig. 11.
The normal force of the wheel can be calculated using the
following equation:

b/2 6y
{7(0)sin @ + o(f) cos 8}dOdy,  (3)
~b/2 9,

W=r

where r is the wheel radius, b is the wheel width, 6; is the
entry angle into the soil, 6, is the departure angle from the
soil, and 6 is the rotational angle of the wheel.

In this study, the normal stress o(6) is measured, and the
shear stress 7(6) is calculated by the following equation [10]:

7(0) = (c + o(0) tan @) [1 — e~ I=(O)/ka | ©))

where c is the cohesion, ¢ is the internal friction angle of
the soil, and k, is the shear deformation parameter. j, is
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Fig. 10. Measurement Results; The graphs in the left column show the normal stress distribution in circumferential direction of a wheel; The graphs in
the middle column show contour plot of 2D normal stress distribution of a wheel; The graphs in the right column show the normal stress distribution in

the width direction of a wheel.

the soil’s shear displacement that develops along the contact
area between the wheel and soil and is defined by the slip

velocity vy of the soil.

The slip velocity v, of the soil is defined by the difference
between the circumferential speed rw and the tangential

component of the traveling speed of a wheel and is expressed



by the following equation:
vs =rw —vcosl = rw{l — (1 — s)cosb}, 5)

where s is the slip ratio. The slip ratio is expressed as
follows: v
s=1—-— (6)
rw

where v, is the traveling speed of the two-wheel test bed.
Based on equation (5), the shear displacement j, generated
along the contact area between the wheel and soil is calcu-
lated using the following equation:

t 0
Jp = /vsdt:/frw{l—(l—s)cose}d—e
0 0 w
= r{f;—0—(1—s)(sinf; —sinf)}, 7

where the shear stress is calculated from the measured nor-
mal stress distribution and the parameters listed in Table II.

A. Evaluation Method

When the two-wheel robot traverses a loose soil slope, we
assume that the weight acting on the front wheel and that on
the rear wheel are the same. Therefore, the estimated weight
W.siof the test bed is calculated as follows:

F,
West =2— P (8)
g

where [, denotes the normal force estimated from the
2D stress distribution of the rear wheel, and g denotes the
acceleration of gravity. The error Wg between the actual
weight of the vehicle and estimated weight of the test bed
is defined by the following equation:

West
—_— 100 9
e ) a0 ©

where W, is the actual weight of the vehicle.

we- (1-

TABLE II
TERRAIN PARAMETERS TRAVERSING LOOSE SOIL SLOPES.

Parameter Value Unit Source

c 0 kPa [

) 38 ° [11]

kx 0.03 m [11]

s 0.06 - Experiment

0y 33(a = 10°) ° Experiment

0r -8(a = 10°) °© Experiment

0 30(a = 15°) ° Experiment

0, -T(a = 15°) ° Experiment

0y 40(ax = 20°) ° Experiment

0, -5(a = 20°) ° Experiment

TABLE IIT
ACTUAL WEIGHT VS. ESTIMATED WEIGHT TRAVERSING LOOSE SOIL
SLOPES
Slope angle  Actual weight  Estimated weight  Error

[°] (kg] [kl (%]
0 14.8 14.6 +1.4
10 14.8 15.4 -3.9
15 14.8 14.3 +3.5

20 14.8 15.3 -3.3

B. Evaluation Result

We evaluated the obtained normal stress distribution based
on the above method. Table III lists the actual vehicle weight,
estimated vehicle weight, and the error between for each
slope inclination angle.

According to the results, the error between the actual vehi-
cle weight and estimated weight under each slope inclination
angle was less than +5%.

VI. CONCLUSIONS

In this paper, we described a measurement method for
the 2D stress distribution of a wheel, particularly in a case
where a rover laterally traverses a loose soil slope with a
wheel inclined in the slope direction. We experimentally
obtained 2D stress distribution, and the error between the
actual weight and estimated weight was less than 5%. In
addition, we clarified that the peak of the normal stress
distribution generated beneath a wheel was offset from the
center of the wheel to the slope portion when the rover
traversed a loose soil slope with the wheels inclined toward
the slope.

For future work, a stress distribution model for a wheeled
robot is needed. This could be used to estimate side slippage.
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