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Summary This paper presents an omnidirectional Automated Guided Vehicle (AGV) with a
novel omnidirectional wheel named MY3 wheel. Due to the special structure and material of
the MY3 wheel, the AGV has full three DOFs in the motion plane and good capabilities of
load carrying and slip resisting. In addition, the kinematic model of the AGV is derived, and
the guiding method that can make the AGV to follow a specified path is established. Finally,
experiments are performed to verify the kinematic model and guiding method.

©® 2015 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
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Introduction

An Automated Guided Vehicle (AGV) is a driverless trans-
port system used for horizontal movement of materials (Vis,
2004). Nowadays, AGVs have been widely used in industrial
applications such as transporting materials around manu-
facturing facilities or warehouses automatically to increase
efficiency and reduce costs (Ronzoni et al., 2011; Bui et al.,
2013; Kirsch et al., 2012). In addition, AGVs have also
showed great potential value in office, domestic, and out-
door services (Tsumura, 1994; Vamossy et al., 2014).
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For most of the existing AGVs, the differential driving
method is adopted due to its simplicity and zero-radius tur-
ning. However, the differential driving method cannot work
effectively in the narrow space, because it cannot perform
the lateral translation (Ronzoni et al., 2011; Bui et al.,
2013). In order to enable AGVs to have full three DOFs in
the motion plane (two translations and one rotation), some
researchers have tried to equip AGVs with omnidirectional
wheels to construct omnidirectional AGVs (Kim et al., 2012;
Kirsch et al., 2012; Kumra et al., 2012).

A variety of omnidirectional wheels have been proposed
over the past few decades, and most of them are designed
based on the concept that achieving the active motion in
one direction and allowing the passive motion in another
direction. A general type of the omnidirectional wheel is
an assembly of a traditional wheel and some passive rollers
mounted at the periphery such as the Mecanum wheel (Muir
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ORIGINAL DESIGN OF
A WHEELCHAIR ROBOT EQUIPPED WITH
VARIABLE GEOMETRY SINGLE
TRACKED MECHANISMS'

Suyang Yu****, Ting Wang*, Zhidong Wang**, Yuechao Wang*, Chen Yao*, and Xiaofan Li*

Abstract

This paper introduces an originally designed wheelchair robot
equipped a variable geometry single tracked mechanism (VGSTM).
This mechanism can actively control the robot shape and track ten-
sion to adapt for obstacles by two pairs of flippers, so the obstacle
With

the aim of stair-climbing, an optimal solution method of driving mo-

clearing ability of traditional wheelchairs can be improved.

ments is proposed to guide the robot design; a tip-over and slippage
stability eriterion is established to evaluate the robot performance.
Finally, the prototype is built, and the stair-climbing experiment is
carried out to verify the obstacle clearing ability of the robot.
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1. Introduction
The traditional wheelchair, which is a commonly used

mobility assistance device for some physically disabled
persons, has high mobility on even terrain.

However,
when facing obstacles such as stairs, the locomotion of the
wheelchair will be limited seriously, and this shortcoming
brings great discommodity to the user. In order to improve
the obstacle clearing ability especially the ability of stair-
climbing, many researchers have tried to equip the
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traditional wheelchair with locomotion mechanisms of
mobile robots to construct a wheelchair robot.

According to equipped locomotion mechanisms, the
existing wheelchair robot that has the ability of stair-
climbing can be categorized into three types: the wheel
cluster typed robot, the leg typed robot and the track typed
robot. The wheel cluster typed wheelchair robot can realize
the stair-climbing performance, but the orbital motion may
be uncomfortable for passengers [2]-[4]. Moreover, if the
robot is equipped with single cluster, the security cannot
be guaranteed without appropriate assistance [2], and if
the robot is equipped with dual clusters or single cluster
with balancing sliders, the mechanism will be too large and
heavy [3], [4]. The leg typed wheelchair robot has high

ability of stair-climbing, but the mechanism structure and
control will be excessively complex [5], [6]. Compared to
the above two types, the track typed wheelchair robot has
better stationarity because of the large contact area with
the stairs [7]-[10]. However, when climbing to the peak of
the stairs, if the robot is equipped with the common single
tracked mechanism, it will be difficult to realize the stable
variation of the robot posture [7], and even if the robot
is equipped with the multi-section tracked mechanism, the
climbing process will still not be smooth enough [8]-[10]. In
order to improve the common track typed wheelchair robot,
a new-style wheelchair robot equipped with a variable
geometry single tracked mechanism (VGSTM) is proposed
[11]-[14]. This robot can actively control the robot shape
and track tension to adapt for obstacles by two pairs of
flippers, so it will have better ability of stair-climbing [15].

During stair-climbing of the wheelchair robot equipped
with the VGSTM, driving components such as the driving
wheel and the flipper must supply sufficient driving mo-
ments to make sure that the robot can complete the climb-
ing process. Moreover, the tip-over of the robot and the
slippage between the track and stairs are also intractable
problems that affect the stability of the robot performance
seriously. Therefore, in this paper, an optimal solution
method of driving moments is presented based on the La-
grange dynamic model of the robot [16], and then the
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Stair-climbing control method of a wheelchair robot based
on tip-over and slippage stability criterion
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Abstract; A wheelchair robot equipped with variable geometry single tracked mechanisms ( VGSTMs) is proposed.
This mechanism can actively control the track shape and track tension to adapt for the obstacle through rotating the
two pairs of flippers, so the obstacle cros sing capability of the traditional wheelchair and tracked type wheelchair ro-
bot can be improved. Aiming at the stair-climbing process of the robot, an approximation solution method of the force
between the track and stairs for the situation that the robot is over-constrained is proposed, and the slippage between
the track and stairs is analyzed systematically, based on which a new tip-over and slippage stability criterion is estab-
lished. Finally, on the basis of the established stability criterion, a robot autonomous control method for stair-climb-
ing is proposed, and an experiment was performed to verify the effectiveness of the proposed control method.
Keywords : wheelchair robot; variable geometry single tracked mechanism; tip-over and slippage stability; autono-
mous stair-climbing
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Wheelchair Robot Equipped with Variable Geometry Single Tracked
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Abstract; A wheelchair robot equipped with variable geometry single tracked mechanisms(VGSTMs) is proposed. This mechanism
can actively control the track shape and tension to adapt to the obstacles by rotating the two pairs of flippers, so it becomes possible
to improve the obstacle clearing capability of the traditional wheelchair. Following a presentation of some typical mechanisms for
obstacle clearing, the mechanism scheme and the stair-climbing process of the robot are introduced. With the aim of stair-climbing,
the wheelchair robot is translated to a serial manipulator, base on which the geometric model that can describe the position and the
track shape of the robot is established, and the optimal solution method of the driving component moment with Lagrange dynamic
equations is proposed. In the simulation, the variations of the driving moment during stair-climbing are obtained, and then the design
of the driving system and the mechanical structure of the robot are completed with the simulation results. The stair-climbing
experiment is performed with the prototype to verify the obstacle clearing capability of the robot.

Key words: Wheelchair robot Variable geometry single tracked mechanism Obstacle clearing capability Driving moment
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Abstract - This paper introduces an originally designed
wheelchair robot equipped with a novel type of Variable
Geometry Single Tracked Mechanism (VGSTM) that can actively
control the robot shape and the track tension. So it becomes
possible to improve the obstacle clearing capability of the robot
by adapting the robot shape for the obstacle. Tip-over and
slippage for track typed mobile robots are intractable problems
especially in stair-climbing, which is the most fundamental
obstacle clearing performance of the wheelchair robot, because of
the complex track-stair interaction. In this paper, a tip-over and
slippage stability criterion is derived based on the geometric
model, the static model, and the track-stair interaction analysis.
The stability state of the wheelchair robot during stair-climbing is
obtained by simulation.

Index Terms — Wheelchair robot, Variable Geometry Single
Tracked Mech stair-climbing, tip-over and sli stability.
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I. INTRODUCTION

The traditional wheelchair has high mobility on even
terrain, but when facing some obstacles such as stairs, the
locomotion of the wheelchair will be seriously limited, which
brings great discommodity to the user. For the purpose of
improving the obstacle clearing capability, especially the
capability of stair-climbing, many wheelchair robots that
combine the traditional wheelchair with the locomotion
mechanism of mobile robots have been proposed.

According to the difference in the locomotion type for
stair-climbing, wheelchair robots can be categorized into
wheeled cluster robots, legged robots, and tracked robots. The
wheeled cluster wheelchair robot can perform stair-climbing
movement [1], but the climbing process may be uncomfortable
for passengers, and the security cannot be guaranteed without
appropriate assistance. The legged wheelchair robot has high
capability of stair-climbing, but the structure of the mechanism
is excessively complex [2-3]. Compared to these two types of
robots, the tracked wheelchair robot has better stationarity
because of the larger contact area with the stairs, and the
structure of the mechanism is compact enough [4-5]. However,
when climbing to the peak of the stairs, if the tracked

978-1-4673-2237-9/12/$31.00 ©2012 IEEE
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mechanism is in the form of single-section, the robot will have
difficulty in stable transformation of its posture, and even if
the tracked mechanism is in the form of multi-section, the
moving process of the robot will still not be smooth enough.
To improve the terrain adaptability of common tracked
wheelchair robots for the peak of the stairs, a wheelchair robot
equipped with Variable Geometry Single Tracked Mechanism
(VGSTM) has been proposed in our lab [6-7]. Different from
general VGSTMs [8-9], this mechanism can actively control
the robot shape and the track tension to adapt the robot shape
for the obstacles. Thus, the wheelchair robot equipped with
this mechanism will have better capability of stair-climbing.
When the wheelchair robot climbs stairs, if the tip-over
incident happens, the robot may be damaged, and even the
passenger may be bruised; if the slippage between the track
and the stairs is too large, the robot will not go on the stairs.
Several tip-over stability criteria have been put forward, such
as the energy stability margin [10], the zero moment point
method [11], the force-angle stability criterion [12], and the
supporting force criterion [13]. However, these stability
criteria have not considered the slippage between the track and
the stairs. A new tip-over stability criterion with consideration
of track-stair interaction has been derived in [14], but the
slippage motion is limited to the special track grouser. In this
paper, first, the design of our wheelchair robot and its stair-
climbing performance are introduced. Then the geometric
models of the robot and the passenger are presented, and the
static model of the robot is established. Following that, a tip-
over and slippage stability criterion appropriate for our robot
is derived based on the analysis of the interaction between the
track and the stairs. Finally, the simulation is performed, and
stability state of the robot during stair-climbing is obtained.

II. ROBOT DESCRIPTION

A. Mechanism and Control System

The mechanism of the wheelchair robot consists of a
chassis with a chair on the top and two VGSTMs installed
symmetrically at the flanks of the chassis, as shown in Fig. 1.
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Abstract—This paper introduces an originally designed
wheelchair robot. This robot is equipped with a novel type of
Variable Geometry Single Tracked Mechanism (VGSTM) that
can actively control the robot shape and the track tension. So it
becomes possible to improve the obstacle clearing capability of
the robot by adapting the robot shape for the obstacle. The
track tension is closely related to the performance of this
original wheelchair robot, so with the aim of stair-climbing,
which is the most fundamental obstacle clearing performance of
the wheelchair robot, the optimization model of the track
tension is established based on the geometric model and the
static model of the robot. Then the simulation is performed, and
the optimal track tension values of the robot for different phases
of stair-climbi are obl d. Finally, these track tension
values are verified through the experiment.

I. INTRODUCTION

HE traditional wheelchair, as a very important mobility

assistance device for some aged and physically disabled
persons, has high mobility on even terrain. However, when
facing some obstacles such as stairs, the locomotion of the
wheelchair will be seriously limited, which brings great
discommodity to the user. For the purpose of improving the
obstacle clearing capability, especially the capability of
stair-climbing, many researchers have tried to equip the
traditional wheelchair with locomotion mechanisms of
maobile robots to construct a wheelchair robot.

To the authors’ knowledge, there are mostly three types of
locomotion mechanisms applied in mobile robots that are
appropriate for stair-climbing, and they are wheeled type
mechanisms, legged type mechanisms, and tracked type
mechanisms. Wheelchair robots equipped with wheeled type
mechanisms, which are usually in the form of wheel cluster,
can perform stair-climbing movement [1], but the climbing
process may be uncomfortable for passengers because of the
orbiting motion of the wheel cluster, and the security cannot
be guaranteed without appropriate assistance. Legged type
mechanisms can bring high capability of stair-climbing to
wheelchair robots, but the structure of the mechanisms is
excessively complex [2-3]. Compared to these two types of
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mechanisms, wheelchair robots equipped with tracked type
mechanisms have better stationarity because of the larger
contact arca with the stairs, and the structure of the
mechanisms is compact enough [4-5]. However, when
climbing to the peak of the stairs, if the tracked mechanism is
in the form of single-section, the robot will have difficulty in
stable transformation of its posture, and even if the tracked
mechanism is in the form of multi-section, the moving
process of the robot will still not be smooth enough.

To improve the terrain adaptability of common tracked
type wheelchair robots for the peak of the stairs, we have
proposed a wheelchair robot equipped with a novel type of
Variable Geometry Single Tracked Mechanism (VGSTM)
[6]. Different from general VGSTMs [7-8], this mechanism
can actively control the robot shape and the track tension to
adapt the robot shape for the obstacles. Thus, the wheelchair
robot equipped with this mechanism will have better
capability of stair-climbing.

The track tension plays a significant role in the
stair-climbing performance of this wheelchair robot. If the
track tension is too low, the tractive force between the track
and the stairs may be insufficient, and the skip between the
track and the driving wheel may happen. If the track tension
is too high, excessive load will be generated on the track and
the mechanism system to reduce the power efficiency and the
component life. In order to maintain the optimal track tension
during stair-climbing, the track tension optimization of the
wheelchair robot is indispensable. In this paper, first, the
design of our wheelchair robot and its stair-climbing
performance are introduced. Then the geometric model that
describes the relative position to the stairs and the shape of
the robot is presented, and the static model including the track
tension is established. Following that, the optimization model
of the track tension is established and the simulation is
performed to obtain the optimal track tension values for
different climbing phases. Finally, the stair-climbing
experiment is conducted to verify these track tension values.

II. ROBOT DESCRIPTION

A. Mechanism and Control System

The mechanism of the wheelchair robot consists of a
chassis with a chair on the top and two VGSTMs installed
symmetrically at the flanks of the chassis, as shown in Fig. 1.
In the VGTSMs, two back flippers can be driven
synchronously to control the robot shape, and two front
flippers can be driven synchronously to control the track

2774
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Tip—over Stability Analysis for Stair—Climbing of a New—Style Wheelchair Robot
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Abstract : A wheelchair robot equipped with a new—style variable—geometry—tracked mechanism

Li Xiaofan'

was proposed. This new—style mechanism can adapt to convex terrain and turn to concave geometry
by active control of track tension. Aiming at climbing stairs, the transformation rule of the robot
configuration and description of the passenger attitude were presented. The tip— over stability angle
was gained by calculation of the whole system’s COM{(center of mass) and judgement of the critical
tip—over mode axes with Force— Angle stability measure. Finally, the simulation for stair—climbing
of the robot was performed, and the variation of the stability margin under different conditions of the
robot movement and passenger attitude was obtained.

Key words: wheelchair robot; variable — geometry — tracked mechanism; tip —over stability; Force
— Angle stability measure
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Configuration and Tip-Over Stability Analysis for Stair-Climbing
of a New-Style Wheelchair Robot
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Abstract—In this paper, a wheelchair robot equipped with
new-style variable-g ry-tracked I is proposed
This new-style mechanism can adapt to convex terrain and turn
to concave geometry by active control of track tension, based on
which the terrain adaptability of the wheelchair roboet is
improved. Aiming at climbing stairs, the transformation rule of
robot configuration is presented, the description of passenger’s
attitude and action is established. Following that, the tip-over
stability analysis and simulation are performed with
Force-Angle stability measure, and the variation of the tip-over
stability margin of the robot under different conditions of
passenger’s attitude and action during stair-climbing is

I d. The lysis and simulation results provide a valid
reference to the wheelck ial licati

ir robot’s p

I. INTRODUCTION

HEELCHAIR is a very important mobility assistance

device for some aged and physical disabled persons.
Traditional wheelchair has high mobility on even terrain, but
when facing stairs, the locomotion of the wheelchair will be
limited seriously, which brings great discommodity to the
users. For improving the ability of stair-climbing of
traditional wheelchair, many researchers have tried to equip
the wheelchair with the travel mechanism of mobile robot to
build wheelchair robot.

To the authors” knowledge, there are mostly three types of
travel mechanisms applied in mobile robot which are
appropriate for stair-climbing, they are wheeled type
mechanism, legged type mechanism and tracked type
mechanism. Wheelchair robot equipped with wheeled type
mechanism which is usually in the form of wheel cluster can
perform stair-climbing movement [1], but the climbing
process may be uncomfortable for passengers as the orbiting
motion of the wheel cluster, and the security can not be
assured without appropriate assistance. Legged type
mechanism can bring high ability of stair-climbing to
wheelchair robot, but the structure of the mechanism is
excessively complex [2-3]. Compared to these, wheelchair
robot equipped with tracked type mechanism has better
stationarity as the large contact area with the stairs, and the
structure of the mechanism is compact enough[4], but when
the tracked type wheelchair robot climbs to the peak of the
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stairs, if the tracked mechanism is in the form of
single-section, the robot will have difficult in stable
transformation of posture, if the tracked mechanism is in the
form of multi-section, the contact between the track and the
upper floor will not be sufficient enough.

To improve the terrain adaptability of common tracked
wheelchair robot especially at the peak of the stairs, we
propose a wheelchair robot equipped with new-style variable-
geometry-tracked mechanism. General variable-geometry-
tracked mechanisms usually retain the geometry to be convex
polygon during transforming on the condition that the track
tension keeps invariable or varies passively [5-6], so they can
not adapt to convex terrain as example of the peak of the
stairs very well. On the contrary, this new-style
variable-geometry- tracked mechanism can adapt to convex
terrain and transform to concave geometry by active control
of track tension, so the wheelchair robot equipped with this
mechanism will have better ability of stair-climbing.

When the wheelchair robot climbs stairs, it will result in a
series of problems such as robot damage even passenger
injury if tip-over incident happens, so it is indispensable to
perform tip-over stability analysis for stair-climbing before
the robot is devoted to application. Several researchers have
tried to propose a suitable criterion for tip-over stability
evaluation such as Energy-Equilibrium Plan measure [7],
Zero Moment Point measure [8], Force-Angle measure [9],
Normal Supporting Force measure [10] and Moment-Height
measure [11], where the Force-Angle stability measure has
the advantage of clear geometrical description and low
computational effort and is very appropriate to evaluate the
tip-over stability of stair-climbing of this new-style
wheelchair robot during which the varieties of robot
configuration, passenger attitude and ground contact points
are all very large. So, in this paper, first, the new-style
wheelchair robot and its stair-climbing procedure are
introduced. Then the transformation rule for robot
configuration during different climbing phases is presented
and the description of passenger’s attitude and action is
established. Finally, the tip-over stability analysis and
simulation for stair-climbing of the robot under the influence
of passenger’s attitude and action are performed with
Force-Angle measure.

II. GENERAL PROCEDURE FOR STAIR-CLIMBING

A. The New-Style Wheelchair Robot
The mechanism of the new-style wheelchair robot
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Abstract: In this paper, a wheelchair robot equipped with new-style variable-geometry-tracked mechanism is proposed.
Different from general variable-geometry-tracked mech the key feature of this new-style mechanism is that it can
adapt to convex terrain and transform to concave geometry by active control of track tension, based on which the ability
of stair-climbing of traditional wheelchair is improved. For obtaining the dynamic characteristic of stair-climbing which
is crucial to the robot design, the locomotion and transformation rule for the robot during different climbing phases is
presented, the dynamic models of the robot whole body and its fundamental components are established. Finally the
dynamic simulation for stair-climbing is performed, and the drive characteristic of the robot under different climbing
conditions is obtained. The simulation results provide theoretical foundation to the future work of driving system design

and mechanical parameters optimization.
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1 INTRODUCTION

Wheelchair is a very important mobility assistance device
for some aged and physical disabled persons. Traditional
wheelchair has high mobility on even terrain, but when
facing stairs, the locomotion of the wheelchair will be
limited seriously, which brings great discommeodity to the
users. For the purpose of improving the ability of
stair-climbing of traditional wheelchair, many researchers
have tried to equip the wheelchair with the travel
mechanism of mobile robot to build wheelchair robot.

To the authors’ knowledge, there are mostly three types of
travel mechanisms applied in mobile robot which are
appropriate for stair-climbing, they are wheeled type
mechanism, legged type mechanism and tracked type
mechanism.  Wheeled type mechanism  applied in
wheelchair robot is usually in the form of wheel cluster [1].
The wheelchair robot equipped with this type of
mechanism can perform stair-climbing, but the climbing
process may be uncomfortable for passengers as the
orbiting motion of the wheel cluster, and the security can
not be assured without appropriate assistance. Legged type
mechanism can bring high ability of stair-climbing to
wheelchair robot, but the structure of the mechanism is
exeessively complex [2-3]. Compared to these two types of
mechanisms, wheelchair robot equipped with tracked type
mechanism has better stationarity as the large contact arca
with the stairs, and the structure of the mechanism s
compact enough[4], but when the tracked type wheelchair
robot climbs to the peak of the stairs, if the tracked
mechanism is in the form of single-section, the robot will
have difficult in stable transformation of posture, if the
tracked mechanism is in the form of multi-section, the
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contact between the track and the top floor will not be
sufficient enough.

To improve the terrain adaptability of common tracked
wheelchair robot, especially at the peak of the stairs, we
propose a wheelchair robot equipped with new-style
variable-geometry-tracked mechanism. General variable-
geometry-tracked mechanisms usually retain the geometry
to be convex polygon during transforming on the condition
that the track tension keeps invariable or varies passively
[5-6], so they can not adapt to convex terrain as example of
the peak of the stairs very well. On the contrary, this
new-style variable-geometry-tracked mechanism can adapt
to convex terrain and transform to concave geometry by
active control of track tension, so the wheelchair robot
equipped with this mechanism will have better ability of
stair-climbing.

In this paper, first, the new-style wheelchair robot and its
stair-climbing  procedure are  introduced. Then the
locomotion and transformation rule for the robot during
different climbing phases is presented and the dynamic
models of the robot whole body and its fundamental
components are established. Finally, the dynamic
simulation for stair-climbing is performed and the
simulation results are analyzed.

2 STAIR-CLIMBING PROCEDURE OF THE
NEW-STYLE WHEELCHAIR ROBOT

2.1 The New-Style Wheelchair Robot

The mechanism of this wheelchair robot consists of a
supporting frame, a chair fixed on the top of the supporting
frame, and two variable-geometry-tracked mechanisms

installed at the flanks of the supporting frame
symmetrically, as shown in Fig. l(a). In the
variabl y-tracked mechani two  driving

wheels are driven independently to realize moving and
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