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Abstract— In general, slipping and sinking on the rough
terrain is lead to poor condition for planetary explorations
robot, which is equipped with a cylindrical typed wheel.
Meanwhile, in a robot, which is equipped with inching worm
locomotion, slipping and sinking lead to increase a traveling
performance because the more sinking and slipping of the robot
is, the larger the bearing force in the back of a wheel increases.
Moreover, in the inching locomotion, the wheel travels during
sharing soil beneath the wheel and pushing soil in backward.
However, this model was not investigated before. This paper
investigates the relationship between the bearing force in the
back of the wheel and sinkage. For analysis, firstly, this paper
performs theoretical consideration and numerical simulation
of a bearing force using bulldozing resistance model. Secondly,
this paper performs wheel bulldozing experiment. In order to
investigate the difference of bearing force when the wheel size is
changed, this paper sets three wheel size. From the simulation
and experimental results, the Hegedus’s model corresponds with
the experimental results in each wheel size. Additionally, the
bearing force was observed to increase when the sinkage was
increased. Thus, the ability of the inching locomotion using
deep sinkage is high.

I. INTRODUCTION

These days, many studies have been conducted into plan-

etary exploration to the Moon or the Mars. The NASA

Mars mission in 1997 launched the rover Sojourner toward

the Mars [1]. In 2003, NASA/JPL sent Mars Exploration

Rover (MER) toward the Mars [2]. These rovers transmitted

important scientific data back to the Earth. The purposes of

the planetary exploration are to gather precise information

and to investigate a wide range of rocks, soils and clues to

past water activity on the planet [3], [4].

However, the Lunar or Martian surface contains loose soil

and many steep slopes are located along the crater rims.

Therefore, while traversing the loose soil, such rovers may

easily slip and reach a poor condition. Also, the rovers fail

to move forward or backward in order to escape from the

poor condition. For example, the MER was sinking into the

soil and failed to move forward or backward in 2009. These

rovers are required to traverse on the loose soil with slopes

25 − 30◦. Therefore, the rovers are required high traveling

performance to traverse the loose soil [4].

1Daisuke Fujiwara is with the Department of Functional Control
Systems, Graduate School of Engineering and Science, Shibaura In-
stitute of Technology, 307, Fukasaku, Minuma-ku, Saitama-shi, Japan
nb16107@shibaura-it.ac.jp

2Kojiro Iizuka is with the Department of Machinery & Control
Systems, Colledge of Systems Engineering and Science, Shibaura In-
stitute of Technology, 307, Fukasaku, Minuma-ku, Saitama-shi, Japan
iizuka@shibaura-it.ac.jp

To avoid these problems, some previous studies have

investigated about a wheeled walking method [5], [6] or an

inching worm locomotion method to traverse the loose soil

[7]–[12].

A wheeled walking robot ATHLETE, which uses wheels

on legs [5], [6], has high traveling performance because it can

uses thrust force beneath the wheel. However, the ATHLETE

uses a lot of actuators and the system of it is a little bit

complex.

Meanwhile, in the inching worm locomotion, Moreland,

S. et al. [7] used Scarab rover and analyzed its traveling

performance by using drawbar pull index and also analyzed

a soil motion beneath the wheel and described the difference

of its motion between the rolling wheel mode and inching lo-

comotion mode [8]. Moreover, Creager, C. et al. [9] analyzed

traveling performance by measuring a metric travel reduction

and a drawbar load of the total rover. From experimental

results, the inching worm locomotion indicated high traveling

performance and could generate large drawbar pull force in

comparison with a conventional rolling mode.

Moreover, Patel, N. et al. and Bauer, R. et al. [10], [11]

used ExoMars rover and described the benefit of the inching

like locomotion. Kemurdjian, A. et al., [12] developed Mar-

sokhod rover, which has worm-like scheme, and this allows

high traveling capabilities.

These inching worm locomotions are a method that utilizes

bearing force, which is active between a ground and beneath

a wheel. Fig. 1 shows the schematic view of a rolling mode

and an inching worm locomotion mode of four wheel rover.

From Fig. 1, when the rover operates with the rolling mode,

the rover produces thrust by rotating wheel. Meanwhile,

when the rover operates with inching worm mode, the rover

produces bearing force by keeping a position of a locked

wheel relative to a ground. The locked wheel in contact with

loose soil push or pull the other rotating wheel using the

bearing force. The bearing force of the locked wheel is a

sum of a soil pressure, a share stress and other forces from

the ground.

When a wheel rotates on loose soil, the wheel sinks into

the sand and the bearing surface is generated. In general,

the more a wheel sinks, the larger bearing force a wheel

generates [13]. However, a static sinkage was used to obtain

the bearing force in previous studies [7]–[12]. In our research

group, we proposed an advanced scheme that uses a large

sinkage to generate the large bearing force and confirmed that

that rover had high traveling performance [14]. However, in

the previous and our studies, the bearing force of backward

wheel didn’t discuss enough.
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Fig. 1: Schematic view of traveling methods.

This paper, firstly, attempts to discuss the bearing force

of backward wheel theoretically and calculated the bearing

force. Secondly, the bearing force of backward wheel is

measured by bulldozing experiments. In order to validate a

simulation model, this paper sets three size wheels. Finally,

from making a comparison between simulation and exper-

imental results, the relationship between the bearing force

and sinkage is discussed.

II. INCHING WORM LOCOMOTION

A. Conventional inching worm locomotion

As mentioned earlier, the conventional sequence of the

inching worm locomotion [7]–[12] as shown in Fig. 1, In the

stepI, when the rover travels forward direction, the locked

wheel pushes soil beneath a wheel toward backward and

an embankment is generated. When the locked wheel with

100% skid moves on sand, a soil wedge formed is generated

in front of the wheel. This is confirmed by Wong [15]. In this

study, we decide this soil wedge formed as an embankment.

In the stepI, an embankment supports the locked wheel and

the other wheel can move forward direction. Therefore, an

embankment is considered as a bearing surface in the inching

worm locomotion method and plays an important role.

B. Inching worm locomotion using deeper sinkage

Fig. 3 shows the motion sequence of the inching worm

locomotion using deeper sinkage. In motion 1, the wheel of

the rover rotates (Fig. 3b) and can get large bearing force

from an embankment. Explanation of the motion sequence

as follows:

Motion 0: Static situation on loose soil with slope.

(Fig. 3a).

Motion 1: The front wheels rotate．The rear wheels stop.

(Fig. 3b).

Motion 2: The wheel-base is shortened. (The rover uses

bearing force from the backward of the front wheel

then the wheel-base is shortened. When the wheel-base

is shortened, the rear wheels rotate). (Fig. 3c).
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Fig. 2: Schematic view of sinkage.
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Fig. 3: Sequence of the inching worm locomotion using deeper sinkage.

Motion 3: The wheel-base is extended. (When the wheel-

base is extended, the front wheels rotate and the rear

wheels stop). (Fig. 3d).

III. MECHANISM OF GENERATING BEARING FORCE

A. Wheel sinking

In this section, a wheel sinking mechanics are explained.

Interaction mechanics between soil and a wheel has been in-

vestigated in terramechanics [15]- [18]. When a rover travels

on a loose soil, a wheel slips or sinks. In terramechanics, a

wheel sinkage is defined as static and dynamic. Static sinkage

hs indicates that the sinkage is generated by a normal force

of a wheel without a wheel rotation Fig. 2a. Dynamic sinkage

hd indicates that the sinkage is generated by a wheel rotation

with arbitrary slip ratios Fig. 2b. Slip ratio is defined by s
(1) [15]. Where, vw is the linear speed of the rover, ω is the

angular speed of the wheel, and r is the radius of the wheel.
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When the rω is larger than vw, the slip ratio has a value

between 0 nad 1. If slip ratio indicates large, the wheel slips

and sinks into sand, then, sinkage increases.

s =
rω − vw

rω
= 1−

vw
rω

(1)

Therefore, the sum of the wheel sinkage ha is showed as

follows:

ha = hs + hd (2)

B. Generateing Bearing surface by wheel sinking

Fig. 4 shows images of sinking wheel and these images

are obtained by the high-speed camera. When a wheel puts

on loose soil, a wheel sinks into sand as the static sinkage.

Meanwhile, when a wheel rotates by large slip ratios, the

wheel sinks deeply into sand. When a wheel rotates by small

slip ratio, a wheel bulldozes soil in front of a wheel is a

dominant phenomenon. Meanwhile, If a wheel rotates by

large slip ratio, soil beneath the wheel is transported into

backward of the wheel and sinkage becomes deep as shown

in Fig. 4b [19]. Therefore, deeper sinkage generates large

bearing surface than the static one.

1) Hegedus’s bulldozing resistance model: When a locked

wheel moves on the loose soil, a locked wheel bulldozes

and destroys the soil in front of a wheel. In this situation,

a locked wheel receives resistance force from the soil. This

resistance force is defined by bulldozing force [18] [20]. In

this paper, we assume that bulldozing force is bearing force

because the locked wheel gets the bearing force when the

wheel supports the inching motion and it bulldozes soil to

the back of a wheel.

In order to estimate bearing force of the backward wheel,

this study applies Hegedus’s bulldozing resistance model

[20]. As shown in Fig. 5, when the unit width plate bulldozes

soil, the plate pushes the soil to traveling direction and the

soil mass is compressed. In this situation, the bulldozing area

is defined by a slip surface and a swelled ground. Thus,

bulldozing resistance Fp is calculated as follows:

Fp(H) =
cotω′ + tan(ω′ + φ)

1− tanαtan(ω′ + φ)

[

H · c+
1

2
ρH2

×

{

(cotω′
− tanα) +

(cotω′
− tanα)2

tanα+ cotφ

}] (3)

TABLE I: Parameters of Hegedus model

H Sinkage [m]

ω′ Angle between slip surface and ground [◦]

φ International friction angle [◦]

α Approach angle [◦]

c Soil cohesion [-]

ρ Soil density [g/cm3]

b Plate or wheel width [m]

Fp Bulldozing resitance [N/m]

F Bulldozing force [N]

Soil mass of triangle shape
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Plate pushes soil mass

H

 : Internal friction angle

H

Plate
Embankment

Ground
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     : Height of the swelled ground

     :  Bulldozing resistance
 

Fig. 5: Bulldozing resistance of hegedus model.

Where, φ is an internal friction angle, ω′ is an angle

between a ground and a slip surface, c is a cohesion of soil,

H is a sinkage, ρ is a soil density and α is an approach angle.

Table I list each parameter. In this study, φ sets an angle of

repose. Moreover, based on Coulomb’s failure criterion [21],

ω′ set as follows (4):

ω′ = 45◦ −
φ

2
(4)

Also, a bulldozing force F of a plate or wheel are obtained

as follows (5):

F = Fp × b (5)

Where, b is a plate or wheel width. Furthermore, a friction

generates beneath a plate µ′N .

From (3), it is confirmed that bulldozing resistance in-

creases depending on increasing sinkage.

2) Bearing surface of the backward wheel: When a locked

wheel moves on the soil, a wheel bulldozes soil in front of

a wheel and soil swells. The flow pattern and soil wedge

formed in front of a wheel are defined by Wong [15] as

shown in Fig. 6. According to Wong [15], flow pattern AC

is straight. Therefore, in order to estimate a bulldozing force

of a wheel, this paper applies Hegedus’s bulldozing force

and assumes that an approach angle α in Fig. 5 is 0◦.

3) Numerical simulation procedure: In order to estimate

bulldozing force, the simulations using Hegedus’s model

performs. The parameters used in the simulation are listed

in Table II. According to [22], ρ is determined. According

to soil mechanics [21], soil adhesive force of the dry sand

is 0, therefore, c is decided as 0. φ is equal to the angle of
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Fig. 6: Bulldozing resistance of wheel model.

repose and it is experimentally determined. ω′ is determined

as equation (4), it is based on Coulomb’s failure criterion

[21].

These parameters input into the equation (3) and calculate

the bulldozing resistance. Then, the bulldozing resistance

multiplies by a wheel or plate width and calculate bulldozing

force.

IV. EXPERIMENT

This paper conducts two experiment: 1) A metal plate

bulldozing test, and 2) a wheel bulldozing test. These ex-

periments are compared with simulation result respectively.

From a metal plate bulldozing experiment and simulation

results, validation of Hegedus’s model is confirmed in our

experiment environment. From a wheel bulldozing experi-

ment and simulation results, the applicability of Hegedus’s

model for a wheel and relationship between a bearing force

and a sinkage is confirmed.

A. Metal plate bulldozing experiment

In order to confirm validation of Hegedus’s model, a metal

plate bulldozing tests conduct.

1) Experimental environment and conditions: The

overview of the experimental system and environment are

shown in Fig. 7, 8. The bulldozing area has a width, length

and height of 300 [mm], 1200 [mm] and 0− 30 [mm],
respectively, and is filled with Silica sand No. 5 as loose

soil [22]. The bulldozing force is obtained by force sensor,

which sets up upper of the metal plate. The rope, which

connects to the pole, pulls the metal plate. The soil specific

parameters are listed in Table II.

The metal plate size is 100 [mm] width, 8 [mm] length

and 70 [mm] height. The bulldozing speed sets at 36.5
[mm/s] and sinkage conditions set at 0−30 [mm]. In sinkage

condition of 0 [mm], the measured force indicates the friction

force µ′N [N] beneath the plate. The experimental conditions

are shown in Table III. Three trials are carried out in each

condition.

2) Experimental results: Fig. 9a-9c show the bulldozing

force of plate in each sinkage. Fig. 9a-9c show representative

results. From every experimental result, the bulldozing force

increases as time proceeds and became a steady state. In

every result, the friction force, which is active between

beneath the plate and soil gound, is eliminated. The friction

force is measured from experimental results of sinkage

Soil ground

Plate
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Load Balancer

Carriage

Guide Rail

Motion capture maker

Motor
Force sensor

Ground

Fig. 7: Schematic view of experimental setting for plate bulldozing test.
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1200 mm

Fig. 8: Overview of experimental setting for plate bulldozing test.

condition 0 [mm]. Also, Fig. 10 shows the relationship

between the bulldozing force and the sinkage. In Fig. 10, the

continuous line indicates simulation results and the triangle

points indicate experimental results of the bulldozing force.

The experimental points are the force of the steady state in

each experiment and the average value of three trials. From

Fig. 10, the force values of the experiment indicate 3.46 [N]
(sinkage 10 [mm]), 8.54 [N] (sinkage 20 [mm]) and 15.2 [N]
(sinkage 30 [mm]), respectively. Moreover, the difference of

the value between the experimental and theoretical value is

1.56 [N] (sinkage 10 [mm]), 0.95 [N] (sinkage 20 [mm])
and 1.84 [N] (sinkage 30 [mm]), respectively. When the

sinkage conditions 30 [mm], we observed that the swelled

soil contacted a little to the upper part of the plate. However,

this effect relatively small. Therefore, the differences of the

value between experiment and simulation result are relatively

small. These results confirm that the Hegedus’s model is able

to represent the bulldozing force of the plate on Silica sand

No. 5.

B. Wheel bulldozing experiment

In order to measure bulldozing force of backward wheel,

a wheel bulldozing experiments werer conducted in the same

way as the experiment of the metal plate.

1) Experimental environment and conditions: The

overview of the experimental system and environment are

shown in Fig. 11. The bulldozing area and soil are same

as the plate bulldozing experiment. The bulldozing force is

obtained by force sensor, which set up upper of the wheel.

The rope, which connects to the pole, pulls the wheel.

In order to confirm the applicability of Hegedus’s model

to a wheel, the wheel size is set three sizes. The sizes

are 150 [mm], 170 [mm] and 200 [mm] diameter and 40



TABLE II: The soil parameters of Silica sand No. 5 and simulation values

Parameters Description [Unit]
Value

Plate Wheel

ρ Soil Dentisy [g/cm3] 2.60

c Soil adhesive force [kPa] 0

φ Soil internal friction angle [deg] 33

ω′ Angle between slip surface and ground [◦] 45◦ −

φ

2

b Width [m] 0.1 0.04

α Approach angle [◦] 0

TABLE III: Experimental settings for bulldozing plate test.

Slope angle [◦] 0

Sinkage [mm] 0, 10, 20, 30

Translational speed [mm/s] 36.5

Soil Silica sand No. 5

Plate size [mm] H70 × W100 × D8

[mm] width. The wheel of 170 mm diameter is the same

wheel size of the rover, which equips with advanced scheme

(Fig. 3). The bulldozing speed sets at 36.5 [mm/s] and

sinkage conditions set at 0−30 [mm]. In sinkage condition 0
[mm], the measured force indicates the friction force µ′′N[N ]
beneath the wheel. The experimental conditions are shown

in Table IV. Three trials are carried out in each condition.

2) Experimental results: The time history of the bull-

dozing force in case of wheel experiment shows the same

tendency as one of the plates. The time history graph is

omitted due to the limitation of the space. Fig. 12 shows the

relationship between the sinkage and the bulldozing force

in wheel size 170 [mm]. In Fig. 12, the continuous line

indicates simulation results and the square points indicates

experimental results. The experimental points are the force of

the steady state in each experiment and the average value of

three trials. In each result, the friction force, which is active

between beneath the wheel and soil gound, is eliminated.

The friction force is measured from experimental results of

sinkage condition 0 [mm]. From Fig. 12, the force values

of experiment indicate 1.53 [N] (sinkage 10 [mm]), 4.29
[N] (sinkage 20 [mm]) and 7.58 [N] (sinkage 30 [mm]),
respectively. Moreover, the difference of the value betweeen

the experimental and theoretical values are 0.86 [N] (sinkage

10 [mm]), 1.37 [N] (sinkage 20 [mm]) and 0.72 [N] (sinkage

30 [mm]), respectively. These difference are relatively small.

These results confirm that the Hegedus’s model is able to

represent the bulldozing force of the plate on Silica sand

No. 5.

Moreover, Fig. 13 shows the relationship between the

sinkage and the bulldozing force in each wheel size. In

Fig. 13, the continuous line indicates simulation results and

the circular and the cross mark points indicate experimental

results of wheel size 150 [mm] and 200 [mm], respectively.

The experimental values are the average value of three trials.

From Fig. 12, the force values of experiment in wheel size

150 [mm] indicate 1.49 [N] (sinkage 10 [mm]), 4.04 [N]
(sinkage 20 [mm]) and 8.29 [N](sinkage 30 [mm]), respec-

tively. Then, the force values of experiment in wheel size 200

[mm] indicate 1.46 [N] (sinkage 10 [mm]), 3.97 [N] (sinkage

20 [mm]) and 7.49 [N] (sinkage 30 [mm]), respectively.
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Fig. 9: Experimental results of the bulldozing force in each sinkage.
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Fig. 10: Experimental and simulation results of bulldozing force (plate).
The bars show standard deviation.

The difference of the force value in each wheel size is

0.07 [N] (sinkage 10 [mm]), 0.33 [N] (sinkage 20 [mm])
and 1.45 [N](sinkage 30 [mm]), respectively. Therefore, the

differences are relatively small. These results confirm that

dependence on a wheel diameter to the bulldozing force is

small on Silica sand No. 5.

V. CONCLUSIONS

In this paper, in order to confirm a bearing force of

a backward wheel as bulldozing force, a bearing force

generating mechanism was discussed. Then, the bulldozing

force was calculated by the Hegedus’s model and measured

by the bulldozing experiment.
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TABLE IV: Experimental settings for bulldozing wheel test.

Slope angle [◦] 0

Sinkage [mm] 0, 10, 20, 30

Translational speed [mm/s] 36.5

Soil Silica sand No. 5

Wheel diameter [mm] 150, 170, 200

Wheel width [mm] 40

It is suggested that the Hegedus’s model showed a good

approximation that corresponds with the experimental re-

sults. Moreover, from experimental results, dependence on a

wheel diameter to the bulldozing force was small. Therefore,

it is suggested that Hegedus’s model can apply arbitrary

wheel size. Additionally, from the wheel bulldozing experi-

ment, the bulldozing force increases depending on sinkage.

Therefore, we confirm that a deeper sinkage of a wheel can

generate large bearing force in inching locomotion.
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