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Abstract

Traction is the key component of an outdoor mobile
robot. Essentially traction can be achieved by various
means including rolling, walking, crawling & hopping.
However the mobility vis-a-vis terrainability of a system
can be greatly increased using wheels or tracks of vari-
ous configurations. As such, higher level of operational
performance can be achieved through an appropriate
design of traction mechanism. This paper deals with
some essential features of these approaches with special
reference to tracked systems.

All Terrain Robot series developed by CMERI e.g. ATR
— | & Il, Sub-terrainean Robot (SR), Outdoor Mobile
Robot (OMR) are a few selective examples showing
various capabilities for tracked mobile robots. In these
examples the design configuration changes from simple
trapezoidal shape to many other forms with active trac-
tion support through re-configurable track geometry.
This provides necessary passive compliance and better
terrainability. The traction design of a specific mobile
robot system is generally guided by the application re-
quirements. In such cases it is extremely difficult (if not
impossible) to design a traction mechanism universal for
all possible applications. The work reported here how-
ever, will provide more insight and necessary formalism
to design and build a tracked-mobile robot operating in
the difficult outdoor and hostile environment.

Keywords: Tracked system, traction, terranean robots,
passive compliance

1 Introduction

The field of the outdoor mobile robot has gained mo-
mentum after its wide and versatile applications, but till
now, developing an All Terrain Robots for outdoor ro-
botics is a challenging task. Innovative locomotion prin-
ciples are needed for the efficient movement in rough
terrains. Various special mechanical/electronics designs/
systems have been proposed using legs (walking ma-
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chines) or other active means to climb over obstacles.
However, these concepts are mechanically very complex
and require sophisticated active control and good stabili-
ty for locomotion. To negotiate the undulation of the
terrains researchers are still trying to find optimum solu-
tion. Climbing staircases is a very important issue not
only for outdoor robotics, but also for indoor robotics.
Most of the All Terrain Robots are using either pivoted
wheel or a set of wheels connected by belts that can
swivel or rotate as a complete system. Besides they are
most of the times robust, complex and high-energy con-
suming. CMERI has developed a few outdoor mobile
robots both with wheel and tracked belt. Also different
configurations have been tried for reaching an optimum
solution.

This paper compares all these traction mechanisms
of tracked/wheeled outdoor mobile robots. All these
configurations have been used in various prototypes
developed in CMERI, Durgapur and are named ‘All
Terrain Mobile Robot” (ATR-I), Modified All Terrain
Mobile Robot (ATR-II), Sub-terrainean Robot series
(SR1, SR2, SR3) and Outdoor Mobile Robot (OMR).

1.1 Related works

The Numbers of works are being carried out all over the
world with tracked and wheeled robots for outdoor ap-
plications. People are doing research for an optimum
solution for traction for All Terrain Robot. All these
prototypes are suitable for a particular type of terrain
only. A few important ones are discussed below.

The Yujin Robotics Robhaz DT-3 [1] is a skid-
steered tracked vehicle with a novel articulated design
that is capable of climbing stairs, traversing rough ter-
rain and has powerful drive train. It is robust and can
carry a payload of 45 Kg. This robot is heavy, expensive
and having low ground clearance.

Toin Pelican series of robots [2] have been built by
Toin University of Yokohama for victim search. The
crawling part of this robot is composed of six different
parts, and it can change the form by the condition of the
running way. Running on flat ground raises front and
back. The robot in this posture doesn't do crawling of the
horizontal part on the ground. Because of this, a spin
turn and a pivot turn can be done easily. And, there is a
little friction, and good running of the efficiency is poss-
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ible so that a horizontal part may not do on the ground.

The Redback robot [3] designed by the ARC Centre
of Excellence for Autonomous Systems of the Universi-
ty of New South Wales, Sydney is a low-cost advanced
mobility robot for education and research. It is also a
crawler type robot having four different crawler systems
as four wheels that can also separately spin on their axis
keeping other end fixed along with producing simple
horizontal motion. In spite of the low-cost and made
from various easily available parts, it can climb stairs
and overcome obstacles that are even more challenging
to larger robots.

Mars Exploration Rovers of Jet Propulsion Laborato-
ry, NASA (Spirit, Opportunity, Rocky7, FIDO, Sojourn-
er) are the most well known rocker bogie type rovers.
The design has six wheels, the front wheels being capa-
ble of steering. Sample Return Rover (SRR), a JPL de-
veloped prototype [4] is also an “All Terrain Explorer”
with four wheels. The wheels can be independently
steered.

SOLERO (Solar-Powered Exploration Rover) [5] of
Autonomous Systems Lab (ASL), Swiss Federal Insti-
tute of Technology, Zurich is another solar powered
exploration rover that is also consuming optimum ener-
gy for exploration with the aid of some efficient me-
chanical systems. The “Shrimp” structure is much simp-
ler due to its passive mechanical design. SOLERO has
one wheel mounted on a fork in the front, one wheel in
the rear and two bogies on each side. The parallel archi-
tecture of the bogies and the spring suspended fork pro-
vide a high ground clearance while keeping all 6 moto-
rized wheels in ground-contact at any time. This ensures
excellent climbing capabilities over obstacles three
times higher then the wheel radius and an excellent
adaptation to all sorts of terrains. The front fork has two
functions: its spring suspension guarantees optimal
ground contact of all wheels at any time and its particu-
lar parallel mechanism produces a passive elevation of
the front wheel if an obstacle is encountered. The front
wheel has an instantaneous centre of rotation situated
under the wheel axis, which makes it possible to get on
an obstacle.

Another such terrain negotiable robot of ASL is
CRAB [6], where the robot has two parallel bogies con-
nected at the bottom through the middle wheel and at the
top with a rotational joint to prevent hyper-statism.

Another new concept of a robust All Terrain Mobile
Robotic system is SWARM-BOT proposed by F. Mon-
dada et. al. [7] The system moves with the help of motor
power tracks. Each track can move in different speeds to
generate turning and rotation at the spot. These two
tracks allow SWARM-BOT to move in moderately
rough terrain, with more complex situations being ad-
dressed by SWARM-BOT configurations.

From the above discussions it is obvious that lots of re-
searches are going on with traction system worldwide,
but no optimum solution has been reached. Most of
them are suitable for only a particular type of terrain
(either sandy or hilly or marshy).
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1.2 Track-soil Interaction Model

According to M.G. Bekker [8] the soil develops two
different stresses under a rigid wheel. One is caused by
the weight of the vehicle (normal stress), while the other
is shear stress generated by the driving moment. So the
soil under a rigid wheel is under dual loading, namely it
is compressed by the weight of the vehicle and it is also
sheared due to the driving moment created by the peri-
pheral force. Their initial research effort concentrated on
the mathematical description of the physical action, tak-
ing place at the soil-wheel interface. Bekker developed
formulas for the vertical or normal interaction (e.g.
shrinkage, rolling resistance), while Janosi's equation [9]
is widely applied for modeling the shearing action. Both
are based on data obtained by using soil test instruments,
that is, they used empirical factors for describing the
actual vehicle mobility phenomenon on the basis of data
measured by soil test instruments. Researchers have
long proved the lack of universal applicability of Bekk-
er’s method, but Janosi's formula for modeling the
shearing action at the soil-wheel interface has been suc-
cessfully used during the past fifty years. Janosi's equa-
tion is given as follows:

Fo= Ar - li-ep-CO N @)
s
Where, F; = Tractive Force; A = Ground contact area for

a tracked vehicle [m?]; | = Length of the area [m]; Tmex =
Maximum value of the shear stress [N/m?;
Tmax= C+ HO (N/m?); C = Internal cohesion of the
soil (N/mz); H = Coefficient of internal soil friction;
O = Normal soil stress under a wheel; K= Shape factor
of the shear diagram [m]; s = Slip

The above expression (1) depicts the relation be-
tween mainly Tractive force, Ground contact area and
the Track length. The conclusion from this expression is
that with the increase of Ground contact area or the
Track Length or both the Tractive force increases. Trac-
tive force helps the tracked vehicles for positive traction
that means more the Tractive Force more the Positive
Traction and stability and hence less the chance of slip-
page. It is clear from the expression that F; is propor-
tional to A and from the graph (Fig. 1) F; increases with
I. In the prototypes developed at CMERI, attempts have
been made to optimize the contact area for better trac-
tion.

Ft

| N
Fig. 1: Curve for Tractive Force (F;) & contact length (I)

2 All Terrain Robot (ATR-I)

The All Terrain Mobile Robot (ATR-I) developed in
CMERI, Durgapur has the following major system spe-
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cifications.

e Name: ATR-X 50

Size: 950 X 650 X 350 mm
Weight: 83 Kg
Endurance: 1.5 Hr

Fig. 2(a): The 3D Model of ATR-I showing the grass
hopper like traction system

The schematic models of ATR-I for analysis of traction
are shown in Fig. 2(b) and 2(c).

Idler )

Drive
wheel

Fig. 2(b): Traction system of ATR-I showing contact
length of tracked belt (L) with ground at normal condi-
tion

Loading

L

Fig. 2(c): Elongated contact length (L") of the tracked
belt with ground under loaded condition

part of the vehicle. A track belt transmits the power to
the ground wheels from the driver wheels as well as
helps in positive tractions. The ground wheel arms are
pivoted and are attached to separate suspension springs.
These springs arrest the flattening of the ground wheel
supports. The tensions of the springs are adjustable. A
single idler is pinned on the other end of the vehicle and
spring loaded to consume the occasional shock of the
belt. These arms/ springs also help ATR-I to wrap the
tracked belt over the contour of the obstacles for better
traction. The trapezoidal configuration of the belt gives
better approachability for stair climbing. The following
figure shows the terrain negotiation sequence of ATR-I.

2.1.1 Advantages

1. This traction system is load compliant [10] that
means with the increase in load, the track belt
adjusts its length (from L to L") for better trac-
tion

2. Due to the grasshopper configuration the sys-
tem is also terrain compliant

3. The ground clearance can be adjusted to some
extent by adjusting the tensions in the springs

4. Trapezoidal shape of the belt gives better ap-
proachability for stair climbing

5. The central ground wheels are adjusted to share
more reaction to reduce slip/ friction while
turning.

2.1.2 Disadvantages

=

The traction system is a complex one

2. Huge shock load can flatten the ground wheel
support systems with reduction in ground clear-
ance

3. Regular care and maintenance is an important
factor for such a complex traction system

4. Assembly and disassembly is difficult

3 Sub-terranean Robot (SR) Series

The Sub-terranean Robot (SR) is a hybrid and amphi-
bian vehicle with capability of operation in both land
and water. The broad system specification of SR:

=

Fig-3 - Terrain Negotiation Sequence of ATR-I

2.1 Description of the Traction System

The configuration of the suspension system used here is
called “Grasshopper Configuration” as the six ground
wheels mimic the six legs of a grasshopper. The motors
are directly connected to the driver wheels at the upper
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Size: 550 X 250 X 270 mm

o Weight: 42 Kg

e Endurance: 0.5 Hr

e Speed: 0.5 m/s (avg); 1 m/s (max)



14™ National Conference on Machines and Mechanisms (NaCoMMO09),

NIT, Durgapur, India, December 17-18, 2009

NaCoMM-2009-RDR?2

Sk -—
(= 2

Fig. 4: The Sub-terranean Robot (SR-1) with rigid sus-
pension. This was developed for rescue operation in
flooded coal mine galleries.

3.1 Traction Systems

Three completely different configurations (for SR1, SR2,
SR3) have been used for different applications areas.
SR1 has tracked belt and fixed ground wheels configura-
tion (Fig. 4). This configuration works well on wet,
muddy land. The skid-steer configuration (SR2), as

shown in Fig. 5 also performed satisfactorily on dry land.

For coal mine tunnels, a system (SR3) with large diame-
ter wheels were used with swivel mechanism (configura-
tion 3) at the driven end for differential steering was
found to be suitable (Fig.7). In the following sections
detailed discussions have been made on these three dif-
ferent configurations.

Fig. 5: The skid-steer configuration of SR2

3.2 Traction system of SR - 1

The SR1 the tracked belt is wrapped over three small
ground wheels fixed to a rigid support. As in case of
ATR-1 the drive motors are attached to driver wheels
with slightly larger diameter than the ground wheels.
Ground wheels rotate freely on their own axis and the
total ground wheel assembly is rigidly fixed to the body.
As a result there is no provision for any passive com-
pliance. The obstacle negotiation sequences of SR1 have
been shown in Fig. 6.

3.2.1. Advantages

1. This configuration is suitable for sandy/ muddy
field due to its large contact area (*A’ in the
Eqgn. 1)

2. Rigid ground wheel support maintains a con-
stant ground clearance

3. Being a simple system needs less care and
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maintenance, easy to assemble and disassemble

3.2.2. Disadvantages

1. In undulated surface all the three ground
wheels may not touch the ground and as a re-
sult better traction is not always maintained

2. The shock load is directly transmitted to the
system and hence may cause problem to the
components

3. Chips/ flakes easily enter the space between the
ground wheels and the track belt and jam the
belt motion

4. Rigid ground wheel support provides no com-
pliances to the system

3.3 Traction system of SR - 2

The skid-steer configuration was tried as second confi-
guration for better performance of SR on sandy land.
Instead of three ground wheels, a smooth steel plate with
flange on both the two sides (for arresting the belt from
slipping out) was used. The contact surface of the plate
and the tracked belt has been kept as frictionless as poss-
ible. This skidding plate was bolted to the ground wheel
support plate. The tracked belt driven by the driver
wheels moves over the skidding plates and provides
traction and power. The obstacle negotiation sequences
was same as the SR1, because the ground wheel assem-
bly is same except for the ground wheel set replaced by
steel skid plate.

3.3.1. Advantages

1. The complete part of the belt under the plate is
rigidly in contact with the flat ground

2. Easy assembly & disassembly

3. Due to large bearing area the system is very ef-
ficient on flat sandy/ muddy land

3.3.2. Disadvantages

1. The inner portion of the tracked belt is con-
stantly rubbing with the skid plate and may jam
occasionally

2. Frictional loss is high

3. Difficulty in crossing over the obstacles

3.4 Traction system of SR -3

SR3 was wheeled model. To achieve large ground clear-
ance, larger diameter of the wheel (300mm) was chosen.
A swivel mechanism has been incorporated at the rear
wheels for easy turning. The wheels are directly
mounted to the shafts/axles attached to the body of SR3.
Drive was provided directly to the front wheels. Here no
tracked belt has been used and no power is being trans-
mitted to the rear wheels. The obstacle negotiation se-
quences for the large diameter wheel configuration of
SR3 have been shown in Fig. 8.
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Fig. 6: Obstacle over ridding of SR with fixed ground wheel assembly
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The Modified All terrain Robot is an upgraded version
of the ATR-I and also known as ATR2. This is also a
tracked configuration (Ref. Fig. 10).

e Size: 800 X 650 X 520 mm

Weight: 61 Kg

Endurance: 0.5 Hr

Speed: 0.5 m/s (avg); 1.2 m/s (max)

poie

7

Fig. 8: Obstacle negotiation of SR with large diameter wheels
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Fig. 7: The wheeled configurati

3.4.1. Advantages of configuration 3

1. The large diameter wheels provide better
ground clearance

2. This system performed well on mine floor

3. As the wheels are directly mounted on the

shafts/ axles, it is easy to assemble & disas-

semble

Simple, low cost and maintenance free system

The rubber tyres absorb shock load to some ex-

tent

IS

3.4.2. Disadvantages

1. This wheeled configuration was not found suit-
able for working in sandy/ muddy surface due
to its smaller contact area

2. It has no provision for passive (load or terrain)
compliance

3. Occasional loss of traction due to belly touch
down

4  Modified All Terrain Robot
nm—p>

Fig. 10: Prototype of Modified AR (ATR2)

4.1 Traction System

ATR?2 has been reshaped to minimize the slipping of the
tracked belt and to increase the stability. One of the three
ground wheels is powered by means of chain- sprocket
assembly. All the three ground wheels are connected by
a tracked belt. Here the transmission system and the trac-
tion system have been separated for better performance.

4.1.1 Advantages

1. As the traction system and transmission system
are separated, performance of the system is bet-
ter.

2. Due to its low height, the system is more stable
than any other configurations.

Belly touch down
4.1.2" Disadvantages

1. System has low ground clearance
2. No provision for passive (load or terrain) com-

pliance
)
O
aA@>,
A

b

Fig. 9: Schematic diagram showing ATR2 crossing obstacles
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3. Lack of stair climbing/ obstacle over riding ca-
pability

4. The shock load is directly transmitted to the
system

5 Outdoor Mobile Robot 1 (OMR1)

This version of the robot is specially designed for stair
climbing capability. Outdoor Mobile Robot (OMR1) has
the following major specifications.

o Size: 1000 (1250 with attachment) X 670 X 315 mm
o Weight: 45 Kg

e Endurance: 0.5 Hr

e Speed: 0.5 m/s (avg); 1.5 m/s (max)

Fig. 11: The stair climbing model of OMR1

5.1 Description of the Traction System

OMRL1 is specially designed with a stair climbing at-
tachment. The diameters of the wheels are increased
than all the earlier version of terranean robots for better
terrainability. This model is also made compact. The
motors are directly mounted to the front wheels. The
rear wheels are driven by the tracked belt. The wheels
for climbing staircases are driven by the partial power
transmitted by means of a chain- sprocket. This attach-
ment can be swiveled to suitable angles for stair climb-
ing. The large diameter wheels also help to overcome
large obstacles and to climb up staircases easily. The
obstacle negotiation sequence of OMRL1 is shown in Fig.

)

Ro=s

stair climbing attachment

5.1.2. Disadvantages

1. The system has no facility for passive (load or
terrain) compliance

2. The shock load is directly transmitted to the
system

3. The long distance between the two wheels may
cause a problem

6 Outdoor Mobile Robot 2 (OMR2)

This version is another special version of Outdoor Mo-
bile Robot and known as OMR2. The specialty of
OMR2 is that it and can run on both the sides (top and
bottom) facing up due to its symmetric configuration.
The system specifications of OMR2 are as follow.

e Size: 1090 X 795 X 320 mm

o Weight: 38 Kg

e Endurance: 1.0 Hr

e Speed: 0.5 m/s (avg); 1.5 m/s (max)

4} AN
.‘. ::

6.1 Description of the Traction System

This system has two identical, separate compartments.
These compartments are connected to one another by a
lead screw and guide bars. One of the compartments can
move side wise for increasing its width. The traction
system of OMR2 is very simple. Two wheels are direct-

2 Y

Fig. 12: OMRL1 crossing an obstacle

12.

5.1.1. Advantages

1. Large diameter wheels give enough ground
clearance for outdoor terrainability

2. The compact shape of OMRL1 is providing bet-
ter stability

3. The system is best suited for stair climbing and
obstacle over ridding

4. It can easily cross a wide ditch with the help of
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ly connected to the motors and the power is transmitted
to the other wheels by means of the track belt. The
wheels are made larger for equal symmetric ground
clearance on both the sides (top or bottom). This system
will follow the same sequences as ATR2 while over
riding any obstacles.

6.1.1. Advantages

1. Large diameter wheels give enough ground
clearance for outdoor terrainability
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2. Capability of running on both sides of the track

helps the system if turned down while overrid-

ing any large obstacle

Most simple and maintenance free system

4. Due to its capability of widening itself, the sys-
tem experiences less skid while turning

w

6.1.2. Disadvantages

1. Lack of stair climbing/ obstacle over riding ca-
pability

2. There is no provision for passive (load or ter-
rain) compliance

3. The shock load is directly transmitted to the
system

7 Comparison of Traction systems

All the traction systems discussed above are different
from each other in various aspects. They have been de-
signed depending upon the field of applications. The
system which is performing well on sandy surface may
not prove suitable for muddy land or rocky surface. In
spite of identical power of the motors, battery rating, belt
specifications the traction of different system are differ-
ent. As a result the quantitative comparison of all these
traction systems may not be possible as well as feasible
also. But qualitative comparison can be done with re-
spect to different parameters. The priority of these para-
meters may change depending upon the types of applica-
tions. Some of these parameters may be contact area,
stability, ground clearance, compactness, compliances,
simplicity, maintenance, capability of stair climbing/
obstacle over riding. In the following tables traction sys-
tems of different models have been compared qualita-
tively. The parameters are assigned impact factors from
1 to 7 for different traction systems. The lowest value is
assigned the impact factor 1 and the highest value being
7 for most of the parameters. For the parameters — sim-
plicity and maintenance, the most simple and nearly
maintenance free system has been assigned the highest
impact factor (i.e. 7). Other values are interpolated in
that said scale accordingly. This gradation style is purely
relative and can vary from author to author.

For tracked systems the contact length and the width of
the belt has been measured. For the bearing area of
wheels the measurement has been taken with the sys-
tem resting on sand, soil, concrete floor and an average
value has been considered. Ground clearance is an easi-
ly measurable parameter. The height of the C. G. (Cen-
tre of Gravity) of a system has been estimated from the
accurate distribution of the weight of individual com-
ponents in 3D CAD Model. The weight to volume ratio
contributes to compactness of the system. The higher
value represents higher compactness. The stair climbing
(maximum permissible height of the stair case) capabil-
ity for wheeled or tracked belt wrapped over single set
of wheels/ timing pulleys is calculated as one third of
the wheel/ timing pulley diameter. For ATR-I and two
configurations of SR (i.e. SR1 and SR2), the permissi-

ble height has been considered as two third of height of
the trapezoid.

Table-1: Bearing area of the robots

- - p———

Configurations P_: SR Series E % %
<

Parameter SR1[SR2[SrR3| < | O | O

~ | S & o | x| 8

Bearingarea | 5 | & | 8 [ 2 |8 | 8|8

(mz) =] S S c|lo| g

Table-2: Height of C.G. (for Stability)

Configurations

o . N E:' E
,2 SR Series 1< <
Parameter SR1[SR2[SR3| < | O | O
Heightof CG | @ | @ | 8 | € | S| 8| &

Table-3: Ground Clearance

Configurations o SR Series E g g
Parameter < |SRi[srz2[srR3| < |O | O
Ground Clear- | Q | o | 0 | & | © | 5| &
ance (mm) I L N R Bl IR

Table-5: Compactness of the configurations
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Configurations | o ; N2 R
,2 SR Series |n_: S| <
Parameter SR1I[SR2[SR3| < | O | O
Compactness 26|86 |87 |88 |44|47 |73
(x 10%)
(m¥Kg)
Table-6: Stair climbing capability
Configurations | o . N E|E
:: SR Series |n_: S| s
Parameter SR1I[SR2[SR3| < | O | O
Stair climbing | o | o ™ o o | o
capability S s B i ) SIS
(mm)

Table-7: Qualitative comparison of various parameters

Configurations | — oD
x| | Y|P x| L
Fle|lea|lc|E |22

Parameters ||| | | <00

Contact area 7 2213 1 45|55|51

Stability 1 |68|7 |64]27[68]|48

Ground  clear-| 7 161 |24(22|68|16

ance

Compactness 1 68697 2713 5.5

Compliances 7 |0 |0 |O |O |O JO

Simplicity 2 |3 |2 |3 |6 |2 |5

Maintenance 1 3 2 3 6 |4 |6

Stair climbing 67136367 1 [31]31

Column wise o Iy 2Rl Sl SlS

sum of grade(s) | < I IR B A
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Percentage | 58 | 48 | 46| 53| 45| 56 | 50 |

All these values are compared and assigned the grada-
tion as discussed above. The factor ‘simplicity’ was
estimated from the track geometry and configuration of
wheel, drive and suspension systems.

5 Conclusions

From the above table it is quite obvious that ATR-I
has the best traction configuration as compared to
other traction systems used in different prototypes.
The most advantageous features of ATR-I are pas-
sive compliance and higher ground clearance. The
compactness of the system can be increased by judi-
cious distribution of internal sub-systems. But it
may be difficult to make the traction system simple
and maintenance free due to the presence of com-
pliance mechanism. The traction systems of the first
two versions of SR have nearly equal impact factors,
but the third one is slightly higher due to the use of
simple wheel based system. The knowledge learnt
from these developments has been used in the latest
versions of OMR (i.e. OMR1 and OMR2). As a
result the traction systems of OMR1 and OMR?2 are
improved. As a future scope of work another version
of ATR may be designed and developed with light
weight structure and active (adding automated ten-
sion adjustment mechanisms) compliance.

Acknowledgment

The authors are grateful to Mr. B. Roy and Mr. S. Bhat-
tacharya for their tireless work. Authors also thank the
Director, CMERI and other CMERI personals who have
directly or indirectly helped to complete this work suc-
cessfully.

References

[1] S. Kang, W. Lee, M. Kim, K. Shin, “ROBHAZ-
rescue: rough-terrain negotiable teleoperated mobile
robot for rescue mission”. Proc. of IEEE International
Workshop on Safety, Security and Rescue Robotics, 2005

[2] E. Koyanagi, Y. Ooba, S. Yoshida, Y. Hayashibara,
“Toin Pelican”, http://robotarenas.nist.gov/
2004_competitions, Accessed: 2007-10-20

[3] R. Sheh, “The Building of Redback — A Low-Cost
Advanced Mobility Platform”,
http://rsheh.web.cse.unsw.edu.au/homepage/ in-
dex.php?id=28.

[4] P. Schenker, T. Huntsberger, P. Pirjanian, S.
Dubowsky, K. lagnemma, V. Sujan, (2003) “Rovers for
intelligent, agile traverse of challenging terrain”, Proc. of

158

11th International Conference on Advanced Robotics,
Coimbra, Portugal, 2003

[5] S. Michaud, A. Schneider, R. Bertrand, P. Lamon,
R. Siegwart, M. V. Winnendael, A.Schiele,
“SOLERO: Solar-Powered Exploration. Rover”, Proc.

of the 7 ESA Workshop on Advanced Space Technologies
for Robotics and Automation [ASTRA2002], The Nether-
lands, 2002

[6] A. Krebs, T. Thier, “3D quasi-static representation
of the CRAB rover”, www.asl.ethz.ch/education/
stud_proj_test, 2002

[71 F. Mondada, A. Guignard, A. Colot, D. Floreano,
J. Deneubourg, L. Gambardella, S. Nolfi, M. Dorigo,
“SWARM-BOT: A New Concept of Robust All-Terrain
Mobile Robotic System”, Www.swarm-
bots.org/dllink.php?id=169&type= documents, 2005

[8] M. G. Bekker, Introduction to Terrain-Vehicle
Systems, The University of Michigan Press, Ann Arbour,
1969.

[9] Z. Janosi, B. Hanamoto, “The Analytical Determi-
nation of Drawbar Pull as a Function of Slip for tracked
Vehicles in deformable Soils”, Proceedings of 1st Inter-
national Conference in the Terrain Vehicle Systems,
Torino-Saint Vicent, 1961

[10] A. Maity, Dip N. Ray, S. Majumder, K. K. Mistry,
“An All Terrain Mobile Robot with Passive Compli-
ance”, Proc. of the Factory Automation, Robotics and

Soft Computing, Warangal, India, 2006, Pp. 73-78



