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Abstract: In our current research, we are developing a holonomic mobile system which is capable of running over the
step. This system realizes omni-directional motion on flat floor using special wheels and passes over non-flat ground in
forward or backward direction using the passive suspension mechanism. Odometry is popular position tracking scheme
for a wheeled mobile robot, however, in the case of non-flat ground, it is difficult to estimate its position using odometry
because an angular relationship between wheels and ground is unknown. Therefore, in this paper, we propose a new
odometry method which extends 2D odometry to the 3D space. Our key idea is using the body configuration
information which changes according to the shape of the terrain. Using our idea, our mobile platform can measure the
shape of terrain without external sensors. We verify the performance of our proposed control scheme by the experiments

using our prototype.
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1. INTRODUCTION

In recent years, mobile robot technologies are
expected to perform various tasks in general structured
environment such as nuclear power plants, large
factories, welfare care facilities, hospitals and homes.
However, there are narrow spaces with steps and slopes
in such indoor environments, and it is difficult for
general car-like vehicles to run around there.

Generally, the vehicle is required to have quick and
efficient mobile function for effective task execution.
The omni-directional mobility is useful for the tasks,
especially in narrow spaces, because there is no
holonomic constraint on its motion [1][2]. Furthermore,
the step-overcoming function is necessary when the
vehicle passes over the general environment which has
vertical gaps between two or plural flat floors. Thus, in
order to run around general environment, the vehicle
needs to equip both of functions.

Therefore, we are developing a holonomic
omni-directional vehicle with step-climbing ability [3].
Our prototype utilized new passive suspension system
which is suitable for steps in the structured environment
and it has seven special wheels with actuators. In order
to realize the high mobility during step climbing, our
vehicle drives all wheels for increasing traction force.

For practical use, it is important for the vehicle to
design a reasonable mechanism that has no excessive
performance. Generally, running on the structured
terrain [4], the energy efficiency of the wheeled mobile
system is better than the other mobile mechanisms (e.g.,
legged [5][6] or crawler type [7]). Thus, we adopt the
universal wheel for omni-directional mobile function.
The universal wheel realizes the omni-directional
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mobility with the advantage of a wheeled system [8§].
Furthermore, when we design a mobile robot, there are
two approaches to improve the step-climbing ability of
the robot. One is to improve the step-climbing ability in
all the directions equally, and the other is to improve the
maximum ability to pass over steps in a fixed direction
with simple mechanism. If the robot has a holonomic
and omni-directional mobile ability, it can change its
direction in front of the step. Therefore, to realize low
cost system, we design the holonomic omni-directional
wheeled robot which passes the step only in forward
and backward direction.

To realize the effective task execution, our vehicle is
required to track its position with low cost. In general, a
lot of wheeled vehicle uses an odometry for estimating
its position. However, the odometry assumes that a
vehicle runs on a flat floor usually and it is difficult to
use the odometry for a step climbing vehicle. In
previous research, many position estimating scheme are
developed. Vieville [9] and Roumeliotis [10] proposed a
ground shape estimating method using cameras on the
vehicle and Strelow [11] proposed odometry for rough
terrain using parameters of ground and wheels which
are derived beforehand. However, they are requires
redundant external sensors or accurate ground-wheel
information, therefore, they are not suitable for practical
use. On the other hand, our vehicle changes its body
configuration along a terrain surface using passive
linkages. This means this body configuration
information reflects a ground surface.

Thus, we propose 3D odometry using body
configuration information. Our proposed scheme
realizes an estimation of ground surface with only
internal sensors on the vehicle body.
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This paper is organized as follows: we introduce the
mechanical design and the controller of the vehicle in
section 2; we propose novel 3D odometry scheme using
body configuration information in section 3; we show
the results of experiments in section 4; section 5 is
conclusion of this paper.

2. MOBILE PLATFORM

2.1 Mobile Mechanism

Fig. 1 shows the prototype vehicle system. The
vehicle has seven wheels and each wheel is connected
to single DC motor. The size of prototype vehicle is
750[mm](L) x 540[mm](W) x 520[mm](H) and its
weight is 22[kg].

The mobile mechanism consists of seven special

wheels with free rollers and a passive suspension system.

The special wheel equips twelve cylindrical free rollers
[12] and realizes to generate the omni-directional
motion using plural wheels arranged in the different
direction and suitable wheel control (Fig. 2).

Fig. 1. Our Prototype. (1) is the passive joint 1 (pitch

angle), (2) is the passive joint 2 (roll angle), (3) is the

special wheel and (4) is the control computer system
(CPU and I/O card).

R

NI

w
rall
N
4)

Free Roller
Side View  Front View

D ——

Special Wheel

Free Joint Point 2 Free Joint Point 1 Special wheel

Side View
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Our mechanism utilizes new passive suspension
system, which is more suitable for the step than general
rocker-bogie suspensions [13] as shown in Fig. 3 [14].
The free joint point 1 is in the same height as the axle
and this system helps that the vehicle can pass over the
step smoothly when the wheel contacts it. (Fig. 4) No
sensors and no additional actuators are equipped to pass
over the irregular terrain.

Free Joint Point
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Rocker-Bogie Suspension
Svstem

Fig. 3. New Passive Linkage Mechanism

Our Prototype Vehicle
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(c)
Fig. 4. Step Climbing

2.2 Controller

The control system is shown in Fig. 5. The developed
vehicle has seven motor drivers, two potentiometers
each joint for the configuration angle and two tilt meters
for the inclination of the body. Our vehicle has
redundant actuation system using seven wheels and
PID-based control system [3] synchronizes the wheel
rotation based on control reference, which is calculated
by the kinematic model.
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Fig. 5. Overview of the vehicle’s control system
3.3D ODOMETRY

3.1 Kinematics of Passive Linkages

Our vehicle has the passive linkage mechanism in its
body and the body configuration changes according to
the terrain condition when the vehicle passes over the
step as shown in Fig. 4. Therefore, it is required to
modify the traveling direction vector of wheel referring



to its configuration for odometry with step climbing.

In this paragraph, we consider the relationship of
rotation velocity vector of each wheel and the change of
the body configuration on general passive linkage
vehicle model.

We assume that the vehicle has n passive linkages and
all wheels have grounded and actuated. When the
vehicle passes over the barrier as shown in Fig. 6, the
velocity vector of wheel i+/ is calculated by the
velocity vector of wheel i and the rotation velocity
vector of wheel i+1 in (1). These vectors are expressed
by three dimensions in their local coordination system.

i

i i ipi
Vi+1_ Vi+ Gix Pi+1 (1)

~ where i is the number of wheel (i =1---n), lV[ and
'v,,, are the velocity vectors of wheel i and i+ on the
coordination{i}, respectively. '@, is the rotation vector
of linkage i on the coordination{i}. ‘P!, is the
position vector from the wheel i to wheel i+1.
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Fig. 6. Passive linage model.

3.2 Adaptation for Odometry of Wheel

The velocity vector of the wheel has the following

features.

e [ts direction is the same as the driving direction
of the wheel.

e Its direction is the same as the perpendicular
direction to the terrain surface which the wheel
is grounded on.

In consideration of the previous conditions, we define

the coordination of each wheel as shown in Fig. 7.

Coordination {i}

Wheel Rotation
[ Vector

0

Fig. 7. The definition of the coordination of the wheel

Terrain Surface

e  The x-axis is defined in the drive direction of the
wheel.

e The y-axis is defined in the perpendicular
direction to the ground.

The traveling distance of wheel is derived by the
velocity of the driving-direction ingredient and the
rotation of the linkage which the wheel is connected on.
Therefore, wusing this definition, the x-direction
ingredient of the velocity vector and the rotation vector
focusing on z-axis in the coordination {i} derive the
traveling distance. The traveling distance value of the
wheel i+1 (@, ) is derived from (2) and (3).

i+l
\'
i+l . (2)
— X 1
0= ]
ri+1
i+l _ i+l i
V= RV, 3)
"yl is x ingredient of the wheel i+/ velocity
vector, "Gi is the ingredient of rotation vector
z

focusing on z-axis, r;,, is the radius of the wheel i+/

i+1
i+l . . .
and " R is the conversion matrix from the

coordination {7} to the coordination {i+/}. Thus, when
the velocity vector and rotation vector of wheel i are

defined as iVi and iGi , the traveling distance of

wheel i+1 is expressed as (4).

i+l i i ipi
iR'( V,+ 6% Pi+1}

X i
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The passive body linkage mechanism is designed that
all wheels have grounded, therefore we can assume that
each wheel grounds the plane. When the angle between
the x-axis of coordination {i} and the one of
coordination {i+/} is «,, the conversion matrix is
derived as (5). «; is fulfill (6), because the wheel does
not float from the ground.

cosa, —singa, 0
"'R=|sinq, cosa, 0 (5)
0 0 1
Vi, =0 (6)
¥
. V.|l sy ingredient of the wheel i+/ velocity
¥y

vector.

3.3 Adaptation to Our Prototype

In previous paragraph, we discuss the vehicle
kinematics and traveling distance of wheels referring to
the body configuration. In this paragraph, we adapt the
proposed derivation scheme to our prototype vehicle.



Our vehicle measures the change of body configuration
using its attitude sensors and derives the traveling
distance of wheels with this information.

Our prototype vehicle is two-linkage model as shown
in Fig. 8. The vehicle has two free joints and each joint
has potentiometers and tilt sensors are attached on the
rear part of the vehicle body. We can measure the
following angles using these sensors.

The roll angle @, and pitch angle y, of the
body shape from potentiometers.
The roll angle @, and pitch angle y, of the
body inclination from tilt sensors.

y {§ ®/ Potentiometers

A-A Section

ﬁ Angle meters a

B-B Sectmn Potentiometers

Angle meters

(a) Front View (b) Side View

Fig. 8. The angle meters.

Our developing vehicle has 7 wheels and all wheels
has actuated. Fig. 2 shows the definition of the wheel
number (We display as wheel i1 i=1---7 ),
coordinates, the length of each links, and the rotate
speed of each wheel, respectively. R; and R: indicate the
length of each links and ®,,---,®, are the rotation
velocity of each wheel. Fig. 9 shows the positional
relationship between wheels and angles. Our vehicle
passes over the obstacles in forward or backward
direction, therefore, we discuss wheel 1,3,4,5 and 7.

When the vehicle runs at Vv, in x-direction on the
coordination {4}, the velocity vector of wheel 7 on the
coordination {4} is derived as (7) by (1).

P6

;
= (4V4+4(1)4><4P;)+4(D6 x* Py
= [4v7x 4V7Z]T

Vo +6,{= R sin 6, + R, cos 6, sin y, —bcos 6, (1-cos y, )}
. |R, cosf —R,sinf siny
=l 64" Lo ! "t —7.(R, cos y, —bsin
l{+bsinc9l(1—cosyl) 71( 26087 7/1)
—7,(R, cos @, sin y, —bcos 6,(1-cos 7, ))
As the same, the velocities of wheel 1, 3 and 5 are
derived.

‘v, = [4le v, 4v]z]r ®)
, —0,{R, sin 0, + R, cos b, sin y, —bcos 6,(1—cos 7, )}

v, =t vette <!

@

4
V7 y

v

|, |RicosO, +R,sinb,siny,

- ~bsin6,(1-cosy,)
7,(R, cos 8, sin y, —bcos 8, (1—cos y, ))

}+72(R2 cosy, —bsinyz)
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4

Fig. 9. Coordination and Parameters.
‘v, = [4v3x v, 4v3z]r ©)
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—7,(R, cos @, siny, —bcos6,(1-cosy, )) ]
5= [4V5x 4V5y 4V5z]r (10)

v, —6,{R,sin 6, + R, cos 6, sin y, —bcos 6,(1-cos )}_
P R, cosb, + R, sin b, siny,
"|~bsin,(1-cosy,)
7 (R, cos @, sin y, —bcos6,(1-cosy,))
The rotation vector of each body linkage is derived
using the roll and pitch angle as shown in (11) and (12).
The hnkage 5 and lmka4ge 7 is the same rigid body,

+7, (R2 cosy, —bsin 71)

therefore ‘6 s and "0, s , Same. The same

relationship is realized also about 01 and 63 .
4(’5:467 = [4G7x 4O-7y 407;]T :[71 0 él]T (11)
461:463 = [4U3x 40_3,7 453:]T = [72 0 02]7 (12)

As shown in (5), we assume that the obstacle is the
«, degree slope about wheel i. The velocity vector and
the traveling distance of wheel i are expressed in (13)
and (14). The «; degree is defined in (15), because the
x-axis is defined in the drive direction of the wheel and
the velocity vector is parallel to the drive direction as
(6). Using these equations, traveling distance of all
wheel are derived based on wheel 4.

4

cosa; —singa; 0 V.
‘v,=IR*v,=|sina, cosa, O||%v, (13)
0 0 1] %y
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4 p 4
cosa;- v, —sma;- v,
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p 4
sine; v, +cosa, v,
4V-

iz



4 : 4
cosa, v, —sing;"v,

. = + O-i
: p ! (14)

. 4 4.
sing,-" v, +cosa;-"v, =0 (15)

Our vehicle uses the traveling distance of wheel 7
based on wheel 4 in forward direction and the traveling
distance of wheel 3 in backward direction for 3D
odometry, because our vehicle can pass over the
obstacle only in forward and backward direction.

3.4 Coordination of Wheel Rotation Velocity

In previous paragraph, we discuss traveling distance
of wheels referring to the body configuration on our
prototype. This means that even if the vehicle passes
over the obstacle with constant speed, the wheel should
change its rotation velocity according to its body
configuration. The unsuitable rotation velocity of wheel,
which is calculated by fixed kinematics model, will
cause to make the wheel slippage, and the accuracy of
odometry will become poor.

In general, mobile vehicle for rough terrain uses
traction control scheme for wheel control. In our
previous works, we discussed the wheel feedback
control system considering with the output traction of
each wheel [3]. However, it is difficult to coordinate the
rotation velocities of each wheel using only the traction
control, especially, when the change of body
configuration is large.

Therefore, in our vehicle system, we coordinate the
wheel control reference according to the kinematics
model in previous paragraphs using (7)-(14) [15].

4. EXPERIMENT

4.1 Experimental Setup

We verify the performance of our odometry scheme
by the experiment using our prototype. Table 1 shows
the vehicle parameters. In this experiment, the prototype
vehicle passes over the step from forward direction as
Fig. 10 and we verify on two cases.

In first case, the vehicle passes over a wood step. Its
height is 30[mm] and its length is 500[mm]. In second
case, the vehicle passes over a styrene foam step. Its
height is 60[mm] and its length is 500[mm]. In both
cases, the vehicle velocity is 0.25[m/sec] and utilized
our PID based controller which coordinates the rotation
velocity reference of each wheel according to the body
configuration [15].

- 255[mm)] éZlS[mm]

Advance Direction

Iy h,

e © B O

Front Middle Rear Wheel
Fig. 10. Experimental Setup.
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In order to verify that proposed system is effective,
we compare the result by our proposed system with the
result utilizing standard system, which uses only the
traveling distance of wheel 4 and angle meters. This
odometry scheme is standard for normal wheeled
vehicle and it does not consider the body shape.
Furthermore, fixed wheel control reference is utilized
which does not consider its body configuration.

Table 1. The Vehicle Parameters

Length Front 195[mm],Rear 400[mm]
Front 7.8[kg], Rear 13.8[kg],

Body Weight Link 0.6[Kg]

'Wheel diameter 132[mm]

Distance  between|

wheels Front 255[mm], Rear 215[mm]

Front: on the front wheel

Center of Gravity |[Rear: 105[mm] from middle to
rear wheel

Friction coefficient |Static 0.4, Dynamic 0.3
Running speed 0.25[m/sec]

4.2 Experimental Results

Fig.11 and Fig.12 show a motion of our prototype
vehicle and Fig.13 and Fig.14 show the odometry
results. From Fig.13 and Fig.14, our vehicle can
estimate the shape of a step. The edge of the step rounds
in the estimated shape because of wheels.

Fig.15 shows the slippage ratio of middle wheel.
(i=4) The slip ratio [16] are calculated by (16). From
results of Fig.16, we can verify that our wheel velocity
coordination system reduces wheel slippage.

. . —V,
5, _ho TV (16)

r.@;

1 1

; is the rotation speed of the wheel. #, and v,
indicate the radius of the wheel and the vehicle speed,
respectively.

Using our proposed odometry scheme, the estimation
error reduces 58[%] in case 1 and 72[%] in case 2. The
estimation error in case 2 is larger than one in case 1,
because in case 2, vertical gap is larger than case 1 and
there is more wheel slippage as shown in Fig.16.
However, in both cases, using our proposed scheme, the
wheel slippage reduces and the odometry accuracy
improves.

Therefore, our 3D odometry scheme is effective for
the wheeled vehicle with passive linkages.

(a) (b)
Fig.11 Passing over 30[mm] height step.



(a) (b)
Fig.12 Passing over 60[mm] height step.
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Fig.13. Odometry Result of 30[mm] height step.
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Fig.15. Slippage ratio during step climbing.

5. CONCLUTION

In this paper, we propose new odometry scheme for
rough terrain using the body configuration information.
Our scheme realizes 3D odometry with only internal
sensor on the vehicle body.

We verified the effectiveness of our proposed scheme
by the experiments using our prototype. Utilizing our
proposed scheme, the slip ratio of the wheel reduces and
odometry accuracy is improved.

In our future work, we discuss the wheel control
scheme for reducing slippage during step climbing.
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