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Abstract

This thesis focuses on the tip-over stability study for a personal mobility robot with a

holonomic and omnidirectional capability. The design of this personal mobility robot

is based on the principle of omnidirectional mobile robots with active dual-wheel caster

assemblies. A unit consisting of one active dual-wheel caster (ADWC) enables two degrees

of freedom motion at the steering axle for forward and lateral direction. By attaching

two units of ADWC to a mobile body, it enables three degrees of freedom motion at

the center of the line connected between both steering axles. The ADWC mechanism

is chosen instead of the conventional specialized wheel due to the implementation of

standard wheel with rubber tire. It offers a better traction power without any disturbing

vibration as produced by most specialized wheels. The design of the wheel also does

not require any specific expertise. However, the personal mobility robot with ADWCs

possesses dynamic footprints in return for the rapid changes of the ADWCs in order to

produce the holonomic and omnidirectional motion. In contrary to the existing on-road

vehicles and the omnidirectional mobile robots with specialized wheels, the prediction of

the tip-over occurrence in this personal mobility robot is difficult due to the rapid changes

in the footprint. Therefore, this thesis is presented to solve this problem by introducing

a tip-over prediction method and a tip-over stability enhancement method for this type

of personal mobility robot.

The robot’s footprint is estimated by finding the solution of the convex polygon of n-

ground contact points. Here, the value of n depends on the number of wheels used. At any

position, the convex polygon for a six-wheeled robot can be evaluated either as tetragon,

pentagon or hexagon. The possibility of tip-over occurrence for any instant is measured

by using the tip-over stability metrics. Two types of tip-over stability metrics have been

examined: i.e., moment stability measure and force-angle stability measure. The force-

angle stability measure is superior in the sense of correctness to the moment stability

measure since it is also sensitive to the changes of height of the center of gravity (CoG).

The candidate of the tip-over axis is evaluated using these stability metrics incorporated

with the dynamical model. This dynamical model is derived based on the solution of the

Newtonian equilibrium to estimate the reaction ground forces of the wheels.

The summation of the reaction ground forces in the z-axis direction is later used to es-

timate the acting net-force at the CoG, which works in the perpendicular direction of

the candidate tip-over axes. It is evaluated with the force-angle stability measure to find

the most potential tip-over axis. The potential tip-over direction is described by a line
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connecting the CoG to the potential tip-over axis perpendicularly. For a better repre-

sentation, this potential tip-over direction is measured by using the angle between this

perpendicular line and the longitudinal direction of the robot. However, the occurrence of

the tip-over incident is only predicted if the stability metric is less than zero. For a safety

reason, a threshold is set to a positive stability value. The tip-over stability enhancement

system is activated for the value less than the preset threshold.

Two types of tip-over stability enhancement are proposed: i.e., the alteration of the accel-

eration input and the implementation of the gyroscopic torque device. Both approaches

are considered for the personal mobility robot because an additional motion is unneces-

sary during the travel to avoid the collision with human and other objects. In the former

method, the input is altered to comply with the preset stability metrics. This method

is more suitable for being taken into the robot path planning instead of instantaneous

tip-over prevention. Meanwhile, the latter method is more suitable for the real-time op-

eration. A gyroscopic torque device is used to produce the counter torque against the

tip-over direction. This gyroscopic torque device is realized by implementing a single-

gimbal control moment gyro. Both methods are proven to be capable for enhancing the

tip-over stability of the personal mobility robot as shown by simulation results. The per-

formance of the latter method is also proven to be superior in travel time cost to the

former method.
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Chapter 1

Introduction

1.1 Background

The importance of robots in human environment is progressively increasing. The robot

sale between year 2013 to 2016 for industrial and service robots is estimated to contin-

uously increase [1]. The use of robot also is no longer limited to the industrial field but

already invades into every aspect of human life including a domestic area for personal use.

Robots are utilized to assist human to make every job easier, decreasing the labor power

and also provide the satisfaction to the completeness. One of the main streams in current

robotics technology is the mobile robotics. At present, a countless number of applications

and designs can be easily found in human surroundings. Most of these mobile robots

are widely used for transportation [2], inspection [3, 4] and surveillance [5, 6, 7]. The

importance of these mobile robots cannot be neglected, especially for their contribution

to the improvement of human life.

In recent trend, many researchers are pursuing on the green technology and eco-friendly

technology. A number of paradigm-shifting technical approaches can be noted in various

fields to reduce the burden of environmental problems by managing the greenhouse gases

and waste. Recent report shows that road transports were among the largest contributors

to the global warming problem. In the year 2011, transport (including shipping and

aviation) was responsible for 22% of CO2 emissions globally [8]. Meanwhile according

to the Japanese Ministry of the Environment report [9] as summarized in Table 1.1, the

transport in Japan has contributed 18.8% of CO2 emission locally which equal to 227

megatons for the year 2012. This percentage is expected to grow in near future according

to the increased demand of transportation for the economic and personal activities in

both developed and developing countries.

1
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Table 1.1: CO2 emissions produced by Japan within each sector in year 2012 [9]

Sector
Amount
(Mt-CO2)

Industries
431

(factories, etc)

Transport
227

(cars, etc)

Commercial and other
259

(commerce, service, office, etc)

Residential 203

Energy Industries
86.3

(power plants, etc)

Total 1207

In the automotive field, the introduction of new technologies like hybrid vehicles, electric-

powered vehicles and environmentally friendly fuel was among the solution provided by

the automotive makers. These kind of vehicles may offer better CO2 emission in compari-

son to the conventional gasoline engine. These approaches may reduce the environmental

pollution brought about by the conventional transportation. However, other problems

such as traffic congestion problem especially in big cities continue to be unsolved. Most

people prefer to use their own cars instead of the public transports and the carpooling

system even for a very short distance travel. According to our survey, most of the au-

tomotive makers tend to show interest in developing alternative fuels and engines. This

may solve the first given problem on managing the pollution issues. However, only a few

automotive makers were interested on developing miniature sized vehicles of a single pas-

senger or two passengers in concern to the second mentioned problem. These miniature

sized vehicles for personal transportation are expected to improve the existing motorized

systems in near future.

1.2 Personal mobility

The term of personal mobility (PM) can be defined as the ability to transport the human

from one place to another place. It can be related to the use of personal transportation

such as bicycles, skateboards, scooters, wheelchairs, etc. However, the modern term of

personal mobility is always referring to the vehicles of a solo passenger or two passengers

which are normally operated by an electrical system [10]. It can be referred in many

literature by other names like Personal Transporter (PT) [2, 11, 12], Personal Vehicle (PV)

[13], Personal Electric Vehicle (PEV) [14], Personal Mobility Device (PMD) [15], Personal

Mobility Vehicle (PMV) [16, 17, 18] or Personal Mobility Robot (PMR) [19, 20, 21]. The

first vehicle used the term ‘personal mobility’ as a name can be found as early in late
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1980s [22]. It takes almost two decades before this term became famous when the Segway

Corporation introduced their first two-wheeled personal transporter which is called as

Segway Human Transporter or Personal Transporter in 2001.

The personal mobility vehicles can offer several potential benefits to the consumers and

society as the replacement to the existing automobiles such as:

� Reduction of air pollution by using clean energy and green technology. Most of the

personal mobility vehicles were half or fully powered by an electrical system using

batteries. Almost no harmful wastes were produced by them.

� Lower total operating costs than the conventional automobiles. Most of the per-

sonal mobility vehicles can be purchased at a very cheap price in comparison to the

conventional vehicles. Other expenditures such as for licensing, insurance, parking

or maintenance were also quite minimal.

� Free from noise pollution. Many existing personal mobility vehicles were electrical

powered where the electrical motors were adopted in replacement to the conven-

tional gasoline engine. Electrical motors produced a non-annoying sound with very

minimal noise which is acceptable even in a traffic congestion.

� Reduction of traffic congestion problems. Many people tend to move with their

individual car even when they drive alone or for a short distance travel. The use

of personal mobility vehicles can reduce the spaces needed on the road and possible

to improve the traffic even during the peak hours. Other associate problems with

the traffic congestion such as air pollution, noise, consumption of non-renewable

resources and traffic accidents also can be reduced.

� Reduction of parking spaces. With the miniature size, the area needed for a parking

is smaller than the size of the standard on-road vehicles. Currently available parking

spaces can support more parking lots which are possible to eliminate the waiting

time and reduce the traffic congestion problem due to a long parking queue.

� Multipurpose transportation for indoor and outdoor application. The personal mo-

bility vehicles can be used for both outdoor and indoor activities without or with a

very light modification.

� Mobility for those with limited ability to walk especially disabled people, sick people

and elder community.

Today, a number of existing products and ongoing researches regarding the personal mobil-

ity vehicles can be easily found from markets and websites. There are overlapping interest
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in automotive industries and robotic fields. Giant automotive companies like General Mo-

tors, Toyota and Honda were among the pioneers in the current personal mobility vehicles

together with other specialized companies like Segway etc. Many researchers in academia

also played a big role for the current achievement in personal mobility vehicles. Every

personal mobility vehicle has its own special characteristics. For example, the Segway Per-

sonal Transporters (Segway PTs) were built based on the two-wheeled differential drive

architecture with a self-balancing capability which was achieved by the implementation of

the inverted pendulum model. The passenger of the Segway PTs can steadily stand still

in a static condition or even in the existing of dynamics in the maneuver mode. Many of

the later researches have been benefited from this concept. Toyota Motor offers various

models of its personal mobility technology. One of the series offered from the Toyota

Motor is similar to the design of the Segway PT but with smaller packaging is known as

Toyota Winglet. Other models from Toyota Motor applied three or four wheels for better

stability with amazing adjustable mechanisms for different driving modes and cornering

safety. Meanwhile, Honda Motor is focused on a single-wheeled personal mobility vehicles

but capable for omnidirectional motion. Other products of personal mobility vehicles can

be found as four-wheeled compact cars, wheelchairs and scooters. Some of these personal

mobility vehicles will be introduced in detail in the following chapter.

There are several challenges and issues in the development of personal mobility vehicles

as the future transportation. Among these challenges, there are two major concerns that

we are interested in: (1) the ability of the personal mobility vehicles to move in a very

limited area especially in a crowded pedestrian area and narrow spaces in the domestic

area, and (2) the safety aspect related to the stability and the tip-over occurrences with

respect to the existing of dynamic properties. Due to these concerns, several existing

mechanisms that offer the full ability to perform two dimensional planar motions, i.e.

holonomic and omnidirectional mechanisms, were examined. There are various existing

arrangements which give a three degrees of freedom motion such as Mecanum wheels,

orthogonal wheels, chains of spherical or cylindrical wheels and ball wheels. Most of

the mechanisms, except vehicles with the ball wheels, have discontinuous ground contact

which leads to the undesirable vibration and shocks. Although the current trend tends

to the application of these specialized wheel mechanisms, the implementation of omni-

directional mechanism with the standard tire is more desirable in order to improve the

traction power of the wheel drive and to obtain a smoother maneuver. The application

of the standard wheel also allows the motion on a slightly uneven terrain which will be

suited for both indoor and outdoor applications.

The safety aspect regarding the tip-over occurrences of the personal mobility vehicles can

be realized by providing a tip-over prevention system. Therefore, a continuous stability
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measuring, tip-over prediction and tip-over prevention are essential for this purpose. There

are several existing methods to assess and evaluate the stability such introduced in the

following chapter. However, according to the existence of dynamical effects such as instant

acceleration and braking in the real environment, personal mobility vehicles should be able

to resist the tip-over incident and maintain the upright position in all conditions. Thus,

a tip-over prediction for the personal mobility vehicles, which are sensitive to the changes

in the dynamic properties, is necessary. In order to prevent collision with the people

or the surrounding objects during the tip-over prevention, an additional motion such

implemented in the inverted pendulum model is undesirable. Thus, tip-over prevention

mechanisms that are possible to maintain the trajectory and the pose of the personal

mobility vehicles are more attractive.

1.3 Contribution

In general, this thesis introduces the solutions for the above mentioned issues. A holo-

nomic and omnidirectional platform with active dual-wheel caster assemblies is proposed

as a personal mobility robot. This structure uses the standard wheels with rubber tires

which enable better traction and are capable of overcoming slightly uneven terrains or

steps. Due to the application of the active dual-wheel casters, the personal mobility robot

possesses a dynamic footprint. Tip-over prediction method and prevention method for

this kind of personal mobility robots are proposed.

The contribution of this thesis can be discussed in detail as follows:

� Derivation of the dynamical equations to estimate the wheel reaction forces for two

types of the omnidirectional personal mobility robots with active dual-wheel caster

assemblies, i.e., four-wheeled architecture and six-wheeled architecture. Wheel reac-

tion forces are used to estimate the net-force and its components on each boundary

of a support polygon for the vehicle’s footprint.

� The moment-stability measure (MSM) is introduced as an alternative tip-over sta-

bility metric using the wheel reaction forces. This metric is evaluated using the

four-wheeled omnidirectional mobile robot.

� The prediction of the tip-over occurrence is introduced using the derived dynamical

model and the tip-over stability measures, i.e., the MSM and the force-angle stability

measure (FASM). Estimation of the possible tip-over axis and the tip-over direction

is presented.
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� Tip-over stability enhancement methods without additional motion, i.e., the alter-

ation of the acceleration input and the production of gyroscopic torque using a

single-gimbal control moment gyro, are introduced.

1.4 Thesis organization

After describing this introduction in Chapter 1, this thesis is organized as follows:

Chapter 2 introduces the background study of the personal mobility robots. The previ-

ous and existing works of various personal mobility robots were presented and discussed

regarding their design, problems and also the concern of safety in term of tip-over stability.

Several types of omnidirectional mechanism in mobile robotics including the specialized

wheel and the standard wheel with rubber tire were also presented. The idea of im-

plementing the holonomic omnidirectional mechanism with standard wheel in personal

mobile robot is discussed in detail. Other concerns in the personal mobility robot includ-

ing the safety aspect regarding the tip-over stability are also explained.

Chapter 3 introduces the model of the personal mobility robot. The kinematic model

of active dual-wheel caster and the omnidirectional mobile robot with active dual-wheel

caster assemblies are explained. The motion control based on the kinematic model under

the resolved velocity control is also presented. These kinematic equations and the resolved

velocity control are the preliminary basis for our study. In this chapter, the personal mo-

bility robot is modeled in two designs: (1) four-wheeled architecture and (2) six-wheeled

architecture. The derivation of dynamical models for both architectures is explained to

estimate the wheel reaction forces.

Chapter 4 describes the tip-over prediction method for the holonomic omnidirectional

mobile robot with active dual-wheel caster assemblies. Several methods to measure the

tip-over stability are provided and discussed in detail. In consideration with the existence

of dynamical effects, the force-moment stability measure and the force-angle stability

measure were applied to the four-wheeled architecture and the six-wheeled architecture

respectively. The model to estimate the value of the net-force is also presented by using

the dynamical model as explained in the previous chapter. At the end of this chapter, the

concept of tip-over prediction including the prediction of the tip-over axis and the estima-

tion of the tipping direction is explained in detail. The performance of these prediction

methods is evaluated with other techniques.
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Chapter 5 explains the tip-over prevention method and the tip-over stability enhance-

ment method for the holonomic omnidirectional mobile robot with active dual-wheel caster

assemblies. Two possible approaches for tip-over stability enhancement are discussed: (1)

alteration of pre-planned velocity and acceleration input and (2) gyroscopic torque device

using single-gimbal control moment gyros. The evaluation of both approaches is also pre-

sented at the end of this chapter.

Chapter 6 summarizes the developed methodology proposed in the thesis and gives the

future works in the direction of this research.



Chapter 2

Literature Review

2.1 Introduction

Humans have made use of the personal mobility vehicles for some hundred years. Their

contribution to society is well known. Modern personal mobility vehicles which are related

to the robotics field can be represented by wheelchairs and scooters. The improvement in

their technologies is very great, from a wooden structure and human powered to the recent

motorized technology. The first electric wheelchair was invented in 1950 by a Canadian

inventor which was specifically designed for quadriplegics. Meanwhile, mobility scooters

were first introduced in 1960s. In 1970s, mobility scooters became a very popular alter-

native to the powered wheelchairs. Mobility scooters are more intended for people who

are able to walk for a short distance, but it is found to be painful to do so over extended

periods of time. Nowadays, the wheelchairs and the scooters are very advanced. Some of

(a) Motorized wheelchair (b) Mobility scooter

Figure 2.1: Example of current motorized wheelchair and mobility scooter [23]

8
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the wheelchairs now are capable of step climbing and some are equipped with omnidirec-

tional ability. Most of the existing wheelchairs and scooters are purposely designed for

the disabled and elder people.

2.2 Previous work

Recent personal mobility vehicles are enriched with artificial intelligence and robotics

technology. These kind of personal mobility vehicles are also known as personal mobility

robots. While vehicles such as motorized wheelchairs and mobility scooters had existed

since a long time ago, the modern personal mobility had become the focus of the world

when the Segway introduced their first Segway Personal Transporter (Segway PT) in the

Good Morning America program in year 2001 [24]. Since then, the personal mobility is

not only known as transportation but also recognized as an enjoyable riding device.

The Segway PT is designed as a two-wheeled vehicle using the differential drive concept.

It is equipped with a self-balancing system using the inverted pendulum model. The rider

has to be in the standing mode during maneuver and able to change the moving direction

just by leaning the handle towards the desired direction without collapse. Segway also has

produced several models of personal transporter using the same basis but with variety

of accessories according to the user needs. Under cooperation with General Motors,

this machine has been extended into two passenger road vehicle named Personal Urban

Mobility and Accessibility (PUMA) [25] in 2009 as a proposal for a short distance eco-

friendly urban transport. In the year 2011, General Motors and Segway improved the

PUMA with active safety technologies such as adaptive cruise control, side blind zone

warning and automatic park assist. This new personal mobility is called Chevrolet EN-V

(Electric Networked-Vehicle) [26].

(a) Segway PT (i2) [27] (b) PUMA [25] (c) Chevrolet EN-V [26]

Figure 2.2: Segway PT based technologies
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The impact of the Segway PT is too great. Most of the successors in the personal mo-

bility robot has been adapting its technology into their designs. A numerous papers that

discussing the similar layout of Segway robot can be found until today [28, 19, 29]. Most

of them focused on the development of balancing control using the inverted pendulum

model [30].

Toyota Motor is the only vehicle makers that show a great interest in developing personal

mobility robots [31]. Since year 2003, Toyota Motor has introduced at least six models

of their concept mobility robots/vehicles such as Toyota PM [32], i-Unit [10], i-Swing

[33], i-Real [34], Winglet series [35] and i-Road [36]. The first Toyota’s mobility robot,

Toyota PM, is introduced in year 2003 as a one passenger vehicle with smaller cabin than

the conventional car. It comes with a four-wheeled layout with a rear motor driven and

impressive front steerable hollow-center wheel. The Toyota PM also features three driving

modes – the “high-speed” mode sees the posture drop lower for a more aerodynamic

profile, in “city” mode the posture of the vehicle is raised a better view at low speed and

the “entry/exit mode” enables the left and right rear wheels to turn in opposite directions,

creating an awesome turning circle for parking just about anywhere. A further evolution of

the Toyota Personal Mobility concept called the “i-Unit” is introduced in year 2005. Some

improvement on the design concept and the intelligence such as personalized recognition

system according to the individual’s preferences and emotions were made. The basic

package for the i-Unit contains two modes: a low-speed mode and a high-speed mode. It

can maneuver equally well within rooms and on ordinary streets, and was developed to

offer “personal mobility” for a single driver.

The second generation of personal mobility by Toyota Motor which featured by i-Swing

is also introduced in year 2005. It comes with dual driving modes – a two-wheeled drive

in city area which also enables the user to chat while walking with other pedestrians at

the same face level, and a three-wheeled drive for a more aggressive movement. The rear

wheels are adjustable during turning to increase the stability. The approach for driving

and balancing in the two-wheeled mode is the same as the Segway PT. Later in the

year 2007, Toyota has introduced a new model named “i-Real”. It is a three-wheeled

vehicle, with two wheels in the front and one in the back, and is capable of switching

driving modes between walking mode and cruising mode. It requires a drive controller to

enable operability regardless of the driver’s physical abilities. Anyone can easily operate

it even with one hand. Also, an “active lean” system is adopted, which is an innovative

balance controller that enables stable acceleration, deceleration, and turns as well as

superior dynamic performance. There are numerous safety measures, such as a perimeter

monitoring sensor that detects obstacles and alerts others of your presence through the

pleasing use of lights and sound. There are likewise other functions that make traveling
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(a) Toyota PM [37] (b) i-Unit [37] (c) i-Swing [37]

(d) Winglet series [35] (e) i-Real [37] (f) i-Road [36]

Figure 2.3: Toyota personal mobility robots

more fun, such as a communication display capable of sending and receiving blogs and

local information as well as sharing information with other i-Real drivers.

In August 2008, Toyota Motor has announced the development of the “Winglet” series, a

personal transport assistance robot ridden in a standing position. The Winglet consists

of a body that houses an electric motor, two wheels and internal sensors that constantly

monitor the user’s position and make adjustments in power to ensure stability. Meanwhile,

a unique parallel link mechanism allows the rider to go forward, backward and turn

simply by shifting body weight, making the vehicle safe and useful even in tight spaces

or crowded environments. Toyota has created three models, the “L”, “M” and “S”, each

having different handling features that allow consumers to select a model appropriate to

their needs – from “practical” to “hands-free sporty”. In the year 2013, Toyota Motor

presented their latest model, i-Road, as an alternative transportation to negotiate with

busy city streets. It can cut through the congested traffic like a motorbike, but with a

comfortable drive like a car. The i-Road comes with a standard motorbike size which can

also fit to two passengers.

Another vehicle maker from Japan, Honda Motor has also introduced at least three models
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(a) U3-X [38] (b) UNI-CUB [40] (c) 3R-C [41]

Figure 2.4: Honda personal mobility robots

of their personal mobility devices. The first model is U3-X [38], a single-wheeled experi-

mental device providing seated transportation for a single user which released in the year

2009. The most remarkable features of the U3-X are its innovative balance-control mech-

anism and the ability to move laterally. The U3-X can still remain in an upright position

whether with the passenger or not. It adopts the stability technology which applied in

the famous ASIMO bipedal robot. The U3-X not only enables the motion in the lateral

direction on a single wheel, but it enables the motion in any desired direction using the

Honda Omni Traction Drive System [39]. The wheel of the Honda Omni Traction Drive

System is structured by a series of motorized small wheels which attached to the main

large-diameter wheel like the conventional omni-wheels. The main wheel is used to move

forwards and backwards, while the smaller wheels rotate perpendicular to the main wheel

for moving side to side. Combining both functions, it is possible to cause the U3-X to

move diagonally. In May 2011, Honda unveiled the prototype of UNI-CUB [40], a per-

sonal mobility device offering enhanced ease of control and mobility. This new model is

just an improved version of the previous U3-X model. The new system introduced a new

traction system with an additional turning wheel at the back. This turning wheel moves

laterally to ease the turning of the robot and enables an instantaneous turn at its center.

Honda Motor also introduced a three-wheeled concept vehicle for one passenger named

3R-C [41] in the year 2010. At a glance, this 3R-C vehicle is almost alike to the Toyota’s

i-Road. It has a flexible canopy for weather and safety protection. However, the details

of the driving mechanism and other specialties were remained unknown until today.

A famous Korean vehicle maker, Hyundai Motor, has introduced their first personal mo-

bility vehicle named E4U [42] on March, 2013. The initial letter ”E” represents ”egg,”

”evolution,” ”ecology,” etc. It can be moved in any direction with a motor that rotates

only in one direction. Instead of tires, the vehicle uses a rotating semispherical part.

When the part is vertical to the ground and rotating in the horizontal direction, a force

is produced to spin the vehicle. To prevent the vehicle from spinning, it has two safety
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wheels on the rear side. At this point, the vehicle does not move even though the semi-

spherical part is spinning because of the frictional force generated by the safety wheels.

So, the wheels function like the tail rotor of a helicopter. On the other hand, when the

semispherical part is tilted, it becomes possible to move the vehicle because the rotative

force is transmitted to the ground. The semispherical part rotates counterclockwise. And

the direction of travel can be controlled by using the feet placed on the part to tilt it.

Figure 2.5: Hyundai E4U [42] Figure 2.6: Hitachi Ropits [43]

In the same month, Hitachi also has announced the development of a mobility-support

robot named Robot for Personal Intelligent Transportation System (ROPITS) [43]. Al-

though at a quick glance the ROPITS may seem similar as other miniature four-wheeled

vehicles without any remarkable futuristic design, the ROPITS actually is developed for

a specific purpose to autonomously navigate within a specified arbitrary point with au-

tonomous pick-up and drop-off function. In order to work autonomously, ROPITS is

equipped with a variety of navigation tools including a GPS, a gyro sensor, and laser

sensors. The most significant feature of ROPITS is the implementation of active suspen-

sions which were mounted at each wheel so that the vehicle can be kept in a comfortable

upright position even on the uneven ground.

In this section, only a few personal mobility robots were presented. Yet there are still

many personal mobility vehicles that exist as the future concept cars. Some were examined

and some are still progressing in the development stage. There are also numerous designs

and layouts provided by the academia around the globe such mentioned in [16, 19].
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2.2.1 Challenges in the personal mobility robots

The development of personal mobility robots will continuously progress toward a better

solution for the existing transportation problems. At least, there are four major problems

of the existing transportation that were identified and focused by many researchers which

are air pollution, energy consumption, traffic congestion and road accidents. These major

problems are estimated to decrease by implementing the personal mobility robots as the

alternative to the current transportation. At present, there are many ongoing projects

to study and analyze the possibility to use them in public. In Japan, a specific zone for

the experimental purpose located in Tsukuba City which is known as Tsukuba Mobility

Robot Experimental Zone [44] is opened since March, 2011. A few models are tested in

this area like Segway PT, Toyota Winglet and Hitachi ROPITS. Another example for a

public test has been conducted by Toyota in public areas such as airports and industrial

facilities since 2008 [45].

A new personal mobility should also consider a few improvements in automation, electrifi-

cation, battery, system integration and locomotion system. Most of the above mentioned

personal mobility robots are unique and have their own specialties. However, in consid-

eration to the realization of better maneuvering in crowded and narrow areas, the ability

to move in a holonomic and omnidirectional motion is desirable for a new personal mo-

bility robot. All the above mentioned personal mobility robots, except Honda U3X and

UNI-CUB, did not consider a holonomic and omnidirectional motion in their locomotion

systems. The Honda U3X and UNI-CUB offered this capability but restricted to a single-

wheel structure which might not be suitable for uneven grounds. There are numerous

examples for omnidirectional and holonomic mechanisms that actually existed in mobile

robotics field. Several mechanisms are discussed and introduced in the following section.

2.3 Holonomic and omnidirectional locomotion system

A major achievement for any vehicle or mobile robot is the ability to move freely in any

direction and performing rotation at any arbitrary position and orientation. This can be

realized by obtaining a locomotion system with the ability to perform a holonymy and

omnidirectional motion. Both abilities are necessary for realizing better maneuver in a

crowded area or restricted space. A non-holonomic omnidirectional mechanism [46, 47]

requires preliminary maneuvering for reorientation of steering wheel which may affect

the time-travel cost and the spaces needed. The holonomic omnidirectional mechanism

has better mobility and also less complexity in design compared with a non-holonomic

omnidirectional mechanism.
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There are several well-known holonomic omnidirectional platforms which adapting the

following wheel or mechanism:

� mecanum wheels - Swedish, universal wheel

� orthogonal wheels

� crawler mechanisms

� spherical/ ball wheel

� syncho-drive

� offset driving/ caster wheel

2.3.1 Mecanum wheels

Berg Ilon [48] patented the first mecanum wheel which also known as Swedish wheel in

1975 for an omnidirectional vehicle. The patented design has several passive rollers ar-

ranged at certain angle along the outer rim of the wheel. A driving velocity of the wheel

produces a lateral direction force at the rollers which then produce driving forces in lon-

gitudinal and lateral direction of the wheel itself. There are two popular variations of

mecanum wheel; 45 deg and 90 deg configurations. The 90 deg mecanum wheels did not

produce lateral forces according to the elimination of non-holonomic velocity constraint.

This kind of mecanum wheel also called as universal wheel or omni-wheel. Typical de-

sign of omnidirectional platforms with both wheels [49] are shown in Fig. 2.7. Some

papers also introduced the omnidirectional mobile robots with four omni-wheels design

[50]. Many vehicles or mobile robots with mecanum wheels are developed according to

these arrangements. In addition, Chugo et. al. introduced a stair climbing omnidirec-

tional mobile platform with mecanum wheels using passive linkages [51, 52]. Seven units

of omni-wheels were adopted into their design in consideration to the stability during

climbing. While there are also a few approaches to actuate all small rollers in the con-

ventional omni-wheel to obtain a longitudinal and lateral motion within a single wheel

[40, 53]. By actuating both small rollers and the outer wheel, it can move in any desired

direction.
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(a) Mecanum wheel

(b) Omni-wheel

Figure 2.7: Conventional mecanum wheels [49]

2.3.2 Orthogonal wheels

Pin and Killough [54] presented a novel locomotion system based on orthogonal wheels as

shown in Fig. 2.8. The idea is that a pair of sliced spherical wheels is placed at the driving

axle in an orthogonal configuration. These wheels can freely rotate at the driving axle and

produce a rolling force in the driving direction while at the same time produce a pure free

rolling in the orthogonal direction. With this arrangement, the contact with the ground

can be assured at all times to produce a better traction force compared to the mecanum

wheel. They have presented the orthogonal wheel with two types of wheel assembly:

longitudinal assembly and lateral assembly. Using at least three pairs of those assemblies

will produce an omnidirectional motion. The concepts and kinematics model for both

assemblies are presented in [55]. Meanwhile, the dynamical model and control methods

for omnidirectional mobile robots with orthogonal wheels are presented in [56, 57]. Two

similar architectures to the longitudinal assembly type of orthogonal wheel are presented

in [58, 59]. In replacement to the sliced ball in the conventional orthogonal wheel, these

two architectures proposed an assembly of crown slices, i.e. two and four crown slices, to

form a ball. Each crown slice can rotate freely around its center. These approaches are

insensitive to fragments and irregularities on the floor but have a higher payload capacity

than the conventional orthogonal wheels.
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(a) Lateral assembly [54] (b) Longitudinal assembly [54]

(c) My wheel [58] (d) My wheel-II [59]

Figure 2.8: Orthogonal wheels and its variant

2.3.3 Spherical and ball wheels

West and Asada [60] and Ferriere [61] presented a three ball wheels of omnidirectional

mobile robot. West and Asada used ring bearing and rollers to control the rotation and

translation of the ball wheels. Ferriere replaced the bearing which used for controlling the

rotation of the ball wheel by applying omni-wheel to each of the ball wheel as shown in

Fig. 2.9(a). Similar layouts also are presented by Ghariblu [62] and Ishida [63]. Mascaro

et. al. introduced a four-wheeled structure of ball wheel mechanism for wheelchair and

bed system [64, 65]. Instead of a fix footprint, Wada et. al. [66, 67, 68] introduced

an improvement to the design of Mascaro et.al. by applying a re-configurable footprint

mechanism as shown in Fig. 2.9(b). The shape of the footprint will change depending

on the space of maneuver. In a small space, the robot ables to change the width of the

robot to adapt with the surroundings. The manipulation of ball in each ball wheel unit

is similar to the design of West and Asada. Recently, Ok et. al. [69] introduced a link-

driven spherical mechanism in two layouts named SO(2) and SO(3). Another interesting

mechanism named omni-ball by Tadakuma et. al. [70, 71] solved the discontinuous ground

contact point problem in the conventional omni-wheel design. Statically unstable layout

of a single spherical wheel mechanism is presented by Nagarajan et. al. [72]. A dynamical

control is essential to keep the mobile robot stable during maneuver.
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(a) Ball wheels locomotion with driving omni-wheels by
Ghariblu [62]

(b) Ball wheels locomotion with variable footprint by Wada
et. al. [66, 73]

Figure 2.9: Spherical and ball wheels platform

2.3.4 Crawler mechanism

Nishikawa et. al. [74] presented a holonomic omnidirectional mobile robot using a crawler

mechanism constructed by spherical balls as shown in Fig. 2.10. The vehicle comprises

of two parallel tracks at the side which hold the spherical balls. The spherical balls are

arranged into a circulating chain that controls forward and backward movement. At the

same time, the spherical balls hold the load from the body through two controlled parallel

rods. By rotating the rods the mobile platform can be moved in the desired sideways

direction. Combining both mechanisms enabled an omnidirectional motion. However,

this mechanism has significant sideways slippage and loss of contact with the ground

especially during turns or uneven ground.

Hirose and Amano [75] developed an improved version of this crawler named Vuton by

replacing the spherical wheel with cylindrical free rollers as shown in Fig. 2.11(a). This

crawler has four units of track with wider contact surface to the ground. It has eliminated

the sideways slippage and able to work with high payload. Another version of Vuton

named Vuton II has been developed later by Damoto and Hirose et. al. [76] as shown in

Fig. 2.11(b) using the four sets of active Omni-disc. Each Omni-disc comprised of several
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casters and gears. This new vehicle is designed to be lower in cost and shorter in stature

than the Vuton-I, but still maintains a reasonably high payload capacity.

(a) Crawler track from upper view (b) Principle of the crawler (front view)

Figure 2.10: Crawler mechanism by Nishikawa et. al. [74]

(a) Free roller track for Vuton [75]

(b) Vuton II with omni-disc [76]

Figure 2.11: Crawlers for Vuton platform
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2.3.5 Synchro-drive mechanism

Wada et. al. [77] introduced a synchro-drive caster mechanism as shown in Fig. 2.12.

Wheel sprockets of all drive-casters are mechanically coupled by a drive belt and simul-

taneously driven by a wheel motor. Steering sprockets are coupled by another drive belt

as well and driven by a steering motor. Since all drive-casters are driven and steered by

common two actuators, each wheel executes the same motions at all times. Then each

wheel gives an equal and parallel velocity vector to the drive unit, a resultant velocity

vector of the drive unit would be identical to the wheel velocity vector. Another motor

is added to the rotational stage to control the rotation of a vehicle frame relating to the

drive unit to produce a holonomic motion.

Wheel
motor

Drive belt Vehicle frame

Steering
motor

Wheel
sprocket

Steering 
belt

Rotational
stage

Steering
sprocket

Motor for 
rotation

Figure 2.12: Holonomic synchro-drive mechanism proposed by Wada et. al.[77]

2.3.6 Offset driving and caster wheel

Wada and Mori [78, 79] developed a holonomic and omnidirectional mobile robot using

two steered driving wheels, in which the wheel has the offset distance between the axle and

steering axis like a caster and can use a normal tire such as a rubber tire and a pneumatic

tire, instead of a specialized wheel mechanism. An active dual-wheel caster assembly was

suggested by Han et. al. [80, 81], in which a wheeled mechanism has a passive steering

axis with offset arranged on the front of a conventional two independent driving wheels

mechanism, and a holonomic and omnidirectional mobile robot was realized by using two

or more of these assemblies. This assembly can generate two-degrees of freedom velocity

on the passive steering axis, because of the difference between the angular velocities of

the left and right wheels. In addition, it can of course use a normal tire and is simple in

structure. Another similar mechanism to Han et. al. is proposed by Yu et. al. [82] in the

name of Active Split Caster Offset (ASOC). The improved version of this mechanism for

uneven and rough terrain by exploiting the suspension and its control system is mentioned
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in [83, 84]. Four units of ASOC are applied for better stability on rough terrain. Wada

[85, 86] introduced the mechanism and control of a 4WD holonomic and omnidirectional

wheelchairs. The mechanism consists of two standard differential drive mechanisms in

rear position and another two omni-wheels at the front. Both omni-wheels at the front

are connected with the belt to the respected actuator for the rear differential drive. The

concept is similar to the offset driving caster principle as explained above. The front

omni-wheels produced an additional traction force while at the same time allowing the

movement in the lateral direction.

Rotation 
stage

Vehicle frame

Left 
wheel

Drive unit with a 
dual-wheel caster 
drive mechanism

Right wheel

Left motor
wheel

Motor for 
rotation

Right motor
wheel

(a) Offset driving caster by Wada [78, 79]

Active dual-wheel 
caster 1

Active dual-wheel 
caster 2

Passive
steering 1

Passive
steering 2

Omnidirectional
platform with active 
dual-wheel casters 

(b) Omnidirectional mobile robot by Han et.al. [80]

(c) Offset driving caster with omni-wheels by Wada
[85, 86]

Figure 2.13: Caster wheel based omnidirectional platform

2.3.7 Problem and issues

Most of the above mentioned locomotion systems used special wheels to obtain the holo-

nomicity and the omnidirectional functionality. The designs provided by the existing

special wheels are too complicated and require a lot of expertise. Although most people

are attracted to the uniqueness of the special wheels and their impressive motion, there

are several deficiencies in their application such as:

i. slippery and lack of traction force due to small ground contact region,
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ii. undesirable vibration and scratch due to discontinuous ground contact,

iii. high maintenance as the dirt and tiny objects can easily penetrate and stuck between

spaces in the wheel, and

iv. low performance for outdoor application especially handling the steps and uneven

terrain.

In order to solve the above mentioned problems, an omnidirectional platform in which a

special wheel mechanism is not used and which is using normal tires seems to be more

attractive. Thus, the desired personal mobility robot can be realized using this platform.

With respect to the safety aspect of a personal mobility robot, it should be equipped

with reliable safety systems that at least manage the obstacle avoidance and rollover (tip-

over) avoidance. The research in obstacle avoidance is already advanced and it is possible

to offer many reliable systems. However, the tip-over aspect has always been neglected

due to the assumption of slow motion and statically stable. The following section will

introduce some of the available methods involving the tip-over stability measurement.

2.4 Tip-over stability measurement

Stability is one of the essential abilities required for the vehicles or mobile robots espe-

cially for those involved with humans. The absent of stability control may lead to an

undesired accident, injuries and damage to the machines and surrounding objects. There

are continuous efforts by researchers for finding the best method to measure, monitor

and prevent the instability in vehicles. In current automobile technology, Static Stability

Factor (SSF) is used to evaluate the static stability of the vehicles. It is defined as the

ratio of the vehicle width to CoG height [87] as described by

SSSF =
w

2h
(2.1)

where, w is the distance between the right and left wheel, and h is the height of the center

of gravity. A higher SSF value equates to a more stable, less top-heavy vehicle. Other

metrics such as Side Pull Ratio (SPR) and Tilt Table Ratio (TTR) are also available

[88]. There are also various studies on the dynamics approach to prevent the roll over

incidents in on-road vehicles [89, 90]. However, most of these approaches are specially

developed for a fixed footprint such provided by cars and trucks. The stability of multi-

legged vehicles for instant, which depends on different type of gaits may not be suitable

for these approaches. Therefore, other methods that are versatile to the changes in the
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support polygon are more desired. There are varieties of continuous work in mobile

robotics which discussed both static and dynamic stability measurements. Some of them

will be introduced in the next subsection.

2.4.1 Static stability

The first static stability criterion is proposed by McGhee and Frank in 1968 for an ideal

walking vehicle at a constant speed along a predefined constant direction on a flat terrain

[91]. The vehicle is considered statically stable if the center of mass lies within the support

polygon which is formed by connecting the footprints. The work also proposed the use

of the shortest horizontal distance between the center of mass to the boundary of the

support polygon in the direction of motion to show the static stability. This definition

was later redefined with respect to the concern of vehicle motion on uneven terrain [92].

Zhang [93, 94] has extended this technique by introducing longitudinal stability margin

(LSM) and crab longitudinal stability margin (CLSM)

The above mentioned stability measures only consider the geometrical aspect of the sup-

port polygon and the position of the center of mass. Non of the kinematic and dynamic

parameters were considered. All of these definitions however are very useful in gaits

studies for walking machines in the consideration of slow motion [95, 96].

Figure 2.14: Basic static stability margins

Messuri and Klein introduced another stability measure named Energy Stability Margin

(ESM) [97]. The Energy Stability Margin is defined as the potential energy that required

to tumble the robot around an edge of the support polygon. This approach includes the

effect of vertical position of the center of mass and the consideration of top-heaviness. It

can be described by
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Figure 2.15: Energy stability margin

SESM =
N

min
i

(mghi) (2.2)

where i denotes the segment of the support polygon considered as the rotation axis, N

is the number of distinct contact points of the posture, m is the robot’s weight and hi is

the variation of the CoG height during the tip-over which can be derived as

hi = Ri(1− cos θi) cos γi.

where Ri is the distance from the CoG to the rotation axis, θi is the angle that Ri forms

with the vertical axis and γi is the inclination angle of the rotation axis relative to the

horizontal plane. Later, Nagy [98] proposed the extension of the ESM named as Compliant

Stance Stability Measure (CSSM) to consider the motion on soft and compliant terrain.

It is described by

SCSSM =
N

min
i

(mghi) +
N∑
i=1

Espri (2.3)
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where the Espri represents the change of potential energy in the spring i. He also in-

troduced the Rigid Walker Stability Measure (RWSM) and Compliant Walker Stability

Measure (CWSM) to consider the stabilizing effect of a foot that is in the air for rigid

and compliant terrain, respectively. This is followed by the proposal of the Normalized

Energy Stability Margin (NESM) by Hirose et. al. [99] in the consideration of the robot

weight. The NESM metric is described by

SNESM =
SESM
mg

=
N

min
i

(hi) (2.4)

2.4.2 Dynamic stability

In consideration to the existence of dynamical effects, especially for those related to high

speed vehicles, the dynamic stability measurement is extremely important. The first

attempt for examining the stability and the dynamic effect using the crawl gaits for

quadruped was introduced by Orin in 1976 [100]. Lin and Song [101] defined the Dynamic

Stability Margin (MSD) as the minimum resultant moments for every candidate tip-over

axis in the support polygon normalized by the weight of the system. The dynamic stability

margin is given by the following equation

SDSM =
N

min
i

(
Mi

mg

)
(2.5)

Mi = Ei ∗ (FR × Pi +Rm)

where Ei is a unit vector along the boundary positive in clockwise direction, Pi is the

position vector between the center of mass and any point at the boundary. FR is the

resultant force acting at the center of gravity and Rm is the resultant moment also acting

on the center of gravity. Yoneda and Hirose [102] propose a similar method named Tumble

Stability Margin (TSM). TSM claims that if all moments relative to a unit vector are

positive, the whole system will remain stable. The Tumble Stability Margin around the

i-th axis can be written as

STSM =
N

min
i

(
Mi

mg

)
(2.6)

Mi = M̄ · (pi − pi−1)

|pi − pi−1|
+ F̄ · (pi × pi−1)

|pi − pi−1|
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where the force F̄ and the moment M̄ can be defined as

F̄ = Fα − Fg − Fo

M̄ = Mα −Mg −Mo.

Here, Fα and Mα are the sum of forces and moments required in acceleration and de-

celeration of all parts, Fg and Mg are the force and moment which are the sum total

of the gravity which works on each part in a planned posture, and that Fo and Mo are

the sum total of the manipulation counter-forces in the planned manipulation. Zhou et.

al. [103] introduced the use of force sensors to obtain the resultant force and moment.

This measurement method is called as Leg-end Supporting Moment (LSM). This stability

margin is similar to the TSM method.

Papadopolous and Rey [104] then introduced a different kind of measurement method

named as Force-angle Stability Measure (FASM). The principle of two-dimensional FASM

can be illustrated as shown in Fig. 2.16. The FASM metric can be expressed as

SFASM = min
i

(θi · |di| · |Fr|) (2.7)

where Fr is the resultant force acting at the CoG.

Figure 2.16: 2D Force-angle stability measure (FASM)
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In this example, the vehicle is expected to tip-over more at the front wheel in comparison

to the rear wheel due to θ1 < θ2 and |d1| < |d2|. This stability criterion also considers

the top heaviness of the robot. By changing the position of the center of gravity from

CoG to a new position at COG’, the angle between the resultant force to the wheels are

decreased. This caused the SFASM to be so sensitive with the changes of the CoG height.

2.5 Summary

Some of the previous works related to the personal mobility robots have been examined.

Although their representations are very unique, most of them did not consider the ability

of motion in a very constrained area. In consideration of this, the implementation of a

holonomic and omnidirectional mechanism is very desirable. Among the existing omni-

directional and holonomic locomotion systems, the mechanism with normal tire is very

attractive in comparison with other special wheel mechanisms. The safety aspect related

to the tip-over stability also is one of the concerns that should be considered. Many of

the existing mobile robots with omnidirectional capability neglected this aspect due to

the assumption of statically stable platform.



Chapter 3

A Personal Mobility Robot with

Active Dual-wheel Casters

3.1 Introduction

The best known ability of a personal mobility robot is to move in a crowded place and

narrow area without facing any difficulties to avoid the humans, obstacles and wall. Many

of the existing researches in mobile robotics already proposed several techniques for anti-

collision system using sensors to measure and monitor surrounding objects and incorporate

with some avoidance algorithms. The results presented by these techniques were very

promising for the implementation in the personal mobility robot applications. However,

in the hardware side, the mechanical design and the capability of the locomotion system

provided by the vehicle also were among the important aspects to be taken into account.

Most of the existing driving systems for personal mobility robots were developed based

on the differential drive system due to the simplicity of the structure and the ability for

performing instantaneous rotation. However, due to the mechanical restriction in the

differential drive system, it can only produce one degree of freedom (1-DOF) motion in

the forward direction.

The implementation of a holonomic and omnidirectional mechanism in personal mobility

robots is very attractive to increase the mobility. Although there are various holonomic

and omnidirectional mechanisms that can be found recently, the implementation of the

normal tire is more attractive than the special wheels due to the higher traction power

and the suitability for outdoor applications especially in rough terrains. In this thesis,

the holonomic and omnidirectional platform using active dual-wheel caster assemblies

is proposed for a personal mobility robot to obtain the holonomic and omnidirectional

capability.

28
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In this chapter, the principle of an active dual-wheel caster mechanism with an offset

steering is presented at the beginning. A design of the personal mobility robot is proposed

with an active dual-wheel caster assemblies. Then, the kinematics model of the robot is

discussed. Finally, the derivation of the dynamical model to estimate the wheel reaction

forces is presented in detail.

3.2 Active dual-wheel caster

The general idea of the active dual-wheel caster (ADWC) has been introduced by Han

et.al. [80] and Yamada et.al. [105] as an alternative to the design represented by Wada

et.al. [78]. A similar architecture also has been proposed by Yu et.al. which named as

active split offset castors (ASOC) [82]. All of these represented architectures applied the

standard rubber wheel to reproduce the same traction power as the conventional vehicle

and to improve the existing standard differential drive system.

In a standard differential drive system, only one degree of freedom motion (1-DOF), i.e.

forward velocity, can be produced at the center of the wheel axle. A typical design of

the differential drive mechanism is shown in Fig. 3.1(a). In order to move to a sideway

direction as shown in Fig. 3.1(b), an instantaneous rotation at the center of the wheel axle

(a) Differential drive (b) Trajectory of differential drive

Figure 3.1: Kinematical model of standard differential drive mechanism

(a) Active dual-wheel caster (b) Trajectory of active dual-wheel caster

Figure 3.2: Kinematical model of active dual-wheel caster
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must be performed first before translating to the sideway direction. However, by moving

the control position from the existing center position to a new position along the xi−axis

with an offset distance, a two degrees of freedom motion (2-DOF), i.e. forward and

sideway velocity, can be generated at the new reference position as shown in Fig. 3.2(a).

Thus, it enables the active dual-wheel caster to perform a simultaneous translation and

rotation motion at the same time as shown in Fig. 3.2(b).

3.2.1 Kinematics model

Figure 3.3: Setting of active dual-wheel caster

Table 3.1: List of nomenclatures for ADWC

Σw (Ow −XwYw) absolute coordinate system

Σi (Oi −XiYi) coordinate sytem of the active dual-wheel caster unit

si offset distance between the steering axle and the wheel axis

di distance between the center of the wheel and Xi-axis

ri radius of the wheel

ωri, ωli angular velocity of the right and left wheel of the ADWC

xi, yi the position of steering axle for active dual-wheel caster in Σw

coordinate system

φi orientation of the active dual-wheel caster in Σw coordinate sys-
tem

By defining the state variable for the dual-wheel caster as xi = [xi yi]
T and the angular

velocity of the wheels as ωi = [ωri ωli]
T , the forward kinematic model of the dual-wheel

caster is given by

ẋi = Aiωi (3.1)
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where,

A =
ri
2

[
cosφi − si

di
sinφi cosφi + si

di
sinφi

sinφi + si
di

cosφi sinφi − si
di

cosφi

]
.

The rotational velocity of the active dual-wheel caster is given by

φ̇i =
ri

2di
(ωri − ωli) (3.2)

Meanwhile, the inverse kinematics model can be derived from the above mentioned forward

kinematic model as

ωi = A−1
i ẋi (3.3)

where,

A−1
i =

1

ri

[
cosφi − di

si
sinφi sinφi + di

si
cosφi

cosφi + di
si

sinφi sinφi − di
si

cosφi

]
.

Here, the rotational velocity can be obtained by

φ̇i =
1

si
ẏi cosφi −

1

si
ẋi sinφi (3.4)
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3.3 A holonomic omnidirectional personal mobility robot

A holonomic and omnidirectional personal mobility robot can be realized by applying

a holonomic and omnidirectional mobile platform as the base for locomotion. There are

several possible arrangements of the active dual-wheel caster assemblies in order to obtain

the holonomicity as presented in [106]. By considering the mobile platform or the vehicle

as a rigid body which travels on a plane, its motion can be described in three degrees

of freedom motion (x, y and φ). These can be fully defined by controlling the linear

velocities in xy−axis direction at least at any two separated points.

3.3.1 A holonomic and omnidirectional mobile platform

Figure 3.4: Omnidirectional mobile platform with active dual-wheel caster assemblies

Figure 3.4 shows a holonomic and omnidirectional mobile platform which comprises two

units of active dual-wheel casters that are arranged in the longitudinal direction of the

platform. The center of each active dual-wheel caster, Oi, is attached to the platform

by a revolute joint (passive steering) without any rotation constraint. Thus, the ADWCs

are freely rotated around the steering axles while at the same time generating velocities

in Xi and Yi direction. The existence of the two degrees of freedom (2-DOF) motion

at both steering axles induces a holonomic motion to the center of the mobile platform,

Ov, where the velocity in Xw−axis direction, ẋ, velocity in Yw−axis direction, ẏ, and the

instantaneous rotation, φ were produced. As the static stability is concerned, additional
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passive wheels such as passive caster wheels can be embedded into the structure to enhance

the stability.

3.3.1.1 Kinematics solution

Letting the pose of the omnidirectional mobile platform be x = [x y φ]T , the pose of each

steering axis be xi = [xi yi]
T and xa = [xT1 x

T
2 ], the motion of this omnidirectional mobile

platform can be described by the following forward kinematics equation:

ẋ = Gẋa (3.5)

where,

G =
1

L


L2 0 L1 0

0 L2 0 L1

− sinφ cosφ sinφ − cosφ



In addition, setting the angular velocity of the wheels as ω = [ωT1 ω
T
2 ]T and combining

Eqs. (3.1) and (3.5), we obtain

ẋ = GAω (3.6)

where,

A =

[
A1 02×2

02×2 A2

]
.

Meanwhile the inverse kinematics equation can be solved by

ω = A−1G∗ẋ (3.7)
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where,

G∗ =


1 0 −L1 sinφ

0 1 L1 cosφ

1 0 L2 sinφ

0 1 −L2 cosφ



A−1 =

[
A−1

1 02×2

02×2 A−1
2

]
.

Here, G∗ is not the inverse matrix of G as G is not square and therefore not invertible.

The G∗ is derived from kinematics relations and constraints of the system.

3.3.2 Control of the omnidirectional mobile robot

The omnidirectional mobile platform is controlled based on the above mentioned kinemat-

ical model using the resolved velocity control [106] as shown in Fig. 3.5. When introducing

the desired values xd = [xd yd φd]
T of the position and posture of the omnidirectional

mobile platform, the output error vector e = [ex ey eφ]T is defined as follows:

e = xd − x (3.8)

where xd is the reference vector. The revised reference velocity vector added to the desired

velocity vector ẋd is expressed by

ẋ∗d = ẋd −Ke (3.9)

where K > 0 is the proportional gain. Finally, the input vector should be provided by

ẋa = G∗ẋ∗d (3.10)
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Forward kinematics

Figure 3.5: Resolved velocity control

3.3.3 Modeling the holonomic and omnidirectional personal mobility

robot

Figure 3.6 illustrates the mobile platform for the holonomic and omnidirectional personal

mobility robot. The passenger can be set as in standing position or in sitting position.

In this thesis, we have considered a personal mobility robot with seat which is similar to

wheelchairs.

Two types of omnidirectional mobile platform model were examined for stability analysis

and tip-over prevention. The basic design of both types are shown in Figs. 3.7 and 3.8.

Both of them were built with two units of active dual-wheel caster (ADWC). The first

model consists of four active wheels. On the other hand, the second model has additional

of two passive wheels. The existence of these passive wheels provide better supporting

Mobile platform

ADWC 2

ADWC 1

(a) Six-wheeled omnidirectional mobile platform

ADWC 1

ADWC 2

(b) Active dual-wheel casters without platform

Figure 3.6: Three-dimensional model for a holonomic omnidirectional mobile platform
with active dual-wheel caster assemblies
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and is assumed to produce better stability.

(a) Four-wheeled architecture (b) Kinematic diagram of four-wheeled architecture

Figure 3.7: Holonomic omnidirectional mobile robot with four active wheels

(a) Six-wheeled architecture (b) Kinematic diagram of six-wheeled architecture

Figure 3.8: Holonomic omnidirectional mobile robot with four active wheels and two
passive wheels
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3.4 Derivation of dynamical model

The goal of this section is to derive a relationship between the dynamical properties of

the personal mobility robot and the normal forces acting on each wheel. Two dynamical

models for the personal mobility robots, i.e. four-wheeled and six-wheeled architectures,

were derived and described in this section. These derivations also were presented in

[107, 108].

In order to derive this relationship, the following assumptions is made:

1. the mobile robot can operate in omnidirectional direction with the holonomic motion

of [ẋ ẏ φ̇], and

2. the mobile robot is kept in a stabilizing condition in vertical direction and maintains

equilibrium of moments around x- and y-direction.

3. other forces such as drag force is neglected and the mobile robot is assumed to work

on a plane ground.

Figure 3.9: Dynamical model of upper vehicle

Table 3.2: List of nomenclatures for upper part of vehicle

Ma mass of the driver, seat and mobile platform, i.e., the
total mass of upper vehicle

Li distance between i-th steering axis and CoG of the
mass Ma

Ni normal forces acting on steering axis

hMa height of CoG of the mass Ma

hsi height of steering axis

ẍv, ÿv accelerations at CoG of the mass Ma in Σv

g gravitational acceleration
vfxi,

vfyi force acting on steering axis in Σv
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Both design share a similarity where two passive steering supporting the upper part of

the personal mobility robot. With reference to Fig. 3.9, we can derive the motion for

the accelerating personal mobility robot from Newton’s equations in Xv- and two static

equilibrium equation in Zv-direction and moments around Yv-axis by:

∑
vFx = Maẍv (3.11)∑
vFz = 0 (3.12)∑
vny = 0 (3.13)

Expanding these equations yields:

vfx1 + vfx2 = Maẍv (3.14)

N1 +N2 −Mag = 0 (3.15)

N2L2 −N1L1 − (vfx1 + vfx2)(hMa − hsi) = 0 (3.16)

Finally, solving Eq.(3.11)–(3.13) by eliminating unnecessary components produces

N1 = 1
L(MagL2 −Maẍvha) (3.17)

N2 = 1
L(MagL1 +Maẍvha) (3.18)

where L = L1 + L2 and ha = hMa − hsi.
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3.4.1 Four-wheeled omnidirectional mobile platform

Let us consider the dynamical model for two-wheeled ADWC as shown in Fig. 3.10 as

our reference.

(a) Side view (XiZi-frame) (b) Front view (YiZi-frame)

Figure 3.10: Dynamical model for two-wheeled ADWC

Table 3.3: List of nomenclatures for two-wheeled ADWC

mi mass of the i-th dual-wheel caster

hmi height of CoG of the dual-wheel caster

ẍgi, ÿgi accelerations at CoG of dual-wheel caster

fxi, fyi force acting on steering axis in Σw
ifx,

ify force acting on steering axis in Σi

fxri, fxli driving forces of the wheel

fyri, fyli sideway forces of the wheel

fzri, fzli normal forces of the wheel

From Fig. 3.10(a) we obtain that the sum of forces in Xi-direction, ΣiFx, the sum of

forces in Zi-direction, ΣiFz and the sum of moments around Yi-direction at the CoG,

ΣGny by

∑
iFx = miẍgi + ifx (3.19)∑
iFz = 0 (3.20)∑
Gny = 0 (3.21)

Expanding these equations produces

fxri + fxli = miẍgi + ifx (3.22)

fzri + fzli +Ni −mig = 0 (3.23)

(fzri + fzli)sai + ifxhsmi −Nisgi − (fxri + fxli)hmi = 0 (3.24)
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where sai = si − sgi and hsmi = hsi − hmi.

Inserting Eq. (3.22) into Eq. (3.24) yields

(fzri + fzli)sai + ifxhsmi −Nisgi − (miẍgi + ifx)hmi = 0

fzri + fzli =
1

sai
{ifxhci +Nisgi +miẍgihmi} (3.25)

where hci = 2hmi − hsi.

The additional Newton’s equations can be derived from Fig. 3.10(b) by

∑
iFy = miÿgi + ify (3.26)∑
Gnx,l = 0 (3.27)∑
Gnx,r = 0 (3.28)

where ΣiFy is the sum of forces in y-direction, while ΣGnx,r and ΣGnx,l is the sum of

moments around x-direction at the ground contact point of the right wheel and left wheel.

Which can be expanded as

fyri + fyli = miÿgi + ify (3.29)

fzri(2di) + ifyhsi +miÿgihmi − (mig −Ni)di = 0 (3.30)

−fzli(2di) + ifyhsi +miÿgihmi + (mig −Ni)di = 0 (3.31)

From Eqs. (3.30)–(3.31) we obtain

fzri =
1

2di
{−ifyhsi −miÿgihmi + (mig −Ni)di} (3.32)

fzli =
1

2di
{ifyhsi +miÿgihmi + (mig −Ni)di} (3.33)

Inserting Eqs. (3.32) and (3.33) into Eq. (3.25) produces

fzri = 1
sai
Hai − 1

2di
Hbi + 1

2sai
Hci (3.34)

fzli = 1
sai
Hai + 1

2di
Hbi + 1

2sai
Hci (3.35)
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where,

Hai = ifxhci +miẍgihmi

Hbi = ifyhsi +miÿgihmi

Hci = Nisbi −migsai

sbi = si + sgi

By defining ẍv = [ẍv ÿv φ̈v]
T and ẍ = [ẍ ÿ φ̈]T , the relationship between ẍv and ẍ can be

expressed by

ẍ = wT vẍv (3.36)

where

wT v =


cosφ − sinφ 0

sinφ cosφ 0

0 0 1



Taking into account that wT v is an orthogonal matrix, the inverse equation of this rela-

tionship can be derived by

ẍv = wT Tv ẍ (3.37)

Therefore, defining f zi = [fzri fzli]
T , if = [ifx

ify]
T , iẍgi = [ẍgi φ̈i]

T and replacing

ÿgi with the time derivative of the non-holonomic constraint, ÿgi = saiφ̈i, the following

equation is obtained by combining Eqs. (3.34)–(3.35)

f zi = Ai
if +Bi

iẍgi +Ci
wT Tv ẍ+Di (3.38)
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where,

Ai =

 hci

sai
−hsi

2di

hci

sai

hsi

2di

 ,Bi = mihmi

 1
sai

− sai

2di

1
sai

sai

2di



C1 =

 −c1 0 0

−c1 0 0

 ,C2 =

 c2 0 0

c2 0 0

 , ci =
sbiMaha

2saiL

D1 =

 sb1MagL2

2sa1L
− m1g

2

sb1MagL2

2sa1L
− m1g

2

 ,D2 =

 sb2MagL1

2sa2L
− m2g

2

sb2MagL1

2sa1L
− m2g

2



Then, introducing the coordinate transformation matrix from Σi to Σw as wT i, defining

the normal force vector f z = [fTz1 f
T
z2]T for the wheel, setting f = [fT1 fT2 ]T , and

ẍg = [1ẍTg1
2ẍTg2]T gives

f z = Af +Bẍg +Cẍ+D (3.39)

where,

A =

 A1
wT T

1 02×2

02×2 A2
wT T

2

 ,wT i =

 cosφi − sinφi

sinφi cosφi



B =

 B1 02×2

02×2 B2

 ,C =

 C1
wT T

v

C2
wT T

v

 ,D =

 D1

D2



Also the dynamic property for the omnidirectional mobile robot also can be described as:

Mẍ = Ef (3.40)

with

M = diag(Ma,Ma, I)

E =


1 0 1 0

0 1 0 1

−L1 sinφ L1 cosφ L2 sinφ −L2 cosφ



where, I is the moment of inertia for the upper vehicle.
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Inserting the inverse equation of Eq. (3.40) into Eq. (3.39) yields

f z = AE∗Mẍ+Bẍg +Cẍ+D (3.41)

where E∗ denotes the pseudoinverse of matrix E as described by

E∗ =
1

L



L2 + αcc(φ) αsc(φ) − sinφ

αsc(φ) L2 + αss(φ) cosφ

L1 − αcc(φ) −αsc(φ) sinφ

−αsc(φ) L1 − αss(φ) − cosφ



αss(φ) = 1
2 (L1 − L2) sin2 φ

αsc(φ) = 1
2 (L1 − L2) sinφ cosφ

αcc(φ) = 1
2 (L1 − L2) cos2 φ

Also the relationship between iẋgi and ẋi can be written as

iẋgi = F iẋi (3.42)

where,

F i =

 cosφi sinφi

− 1
si

sinφi
1
si

cosφi



Letting xa = [xT1 x
T
2 ]T and referring to Eq. (3.42), the following equation is satisfied:

ẋg = F ẋa (3.43)

where,

F =

 F 1 02×2

02×2 F 2



Combining Eqs. (3.43) and (3.7) gives

ẋg = FG∗ẋ (3.44)
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Hence differentiating Eq. (3.44) with respect to time, we obtain

ẍg = (ḞG∗ + FĠ∗)ẋ+ FG∗ẍ (3.45)

Replacing Eq. (3.45) into Eq. (3.41) and rearranging the equation yields

f z = K ′ẋ+K ′′ẍ+D (3.46)

where,

K ′ = B(ḞG∗ + FĠ∗)

K ′′ = AE∗M +BFG∗ +C
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3.4.2 Six-wheeled omnidirectional mobile platform

Let us consider the dynamical model for three-wheeled ADWC as shown in Fig. 3.11 as

our reference.

(a) Side view (XiZi-frame) (b) Front view (YiZi-frame)

Figure 3.11: Dynamical model for three-wheeled ADWC

Table 3.4: List of nomenclatures for three-wheeled ADWC

mi mass of the i-th dual-wheel caster

hmi height of CoG of the dual-wheel caster

ẍgi, ÿgi accelerations at CoG of dual-wheel caster

fxi, fyi force acting on steering axis in Σw

ifx,
ify force acting on steering axis in Σi

fxri, fxli driving forces of the wheel

fyri, fyli sideway forces of the wheel

fzri, fzli, fzfi normal forces of the wheel

From Fig. 3.11(a) we obtain that the sum of forces in x-direction, ΣiFx, the sum of forces

in z-direction, ΣiFz and the sum of moments around y-direction at the CoG, ΣGny by

∑
iFx = miẍgi + ifx (3.47)∑
iFz = 0 (3.48)∑
Gny = 0 (3.49)

Expanding these equations produces

fxri + fxli = miẍgi + ifx (3.50)

fzri + fzli + fzfi +Ni −mig = 0 (3.51)

(fzri + fzli)sai + ifxhsmi −Nisgi − fzfisbi − (fxri + fxli)hmi = 0 (3.52)
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where sai = si − sgi, sbi = sfi + sgi and hsmi = hsi − hmi.

Inserting Eqs. (3.50) and (3.51) into Eq. (3.52) yields

(mig − fzfi −Ni)sai + ifxhsmi −Nisgi − fzfisbi − (miẍgi + ifx)hmi = 0 (3.53)

This equation can be rearranged into

fzfi(sai + sbi︸ ︷︷ ︸
si+sfi

) = migsai −Ni(sai + sgi︸ ︷︷ ︸
si

) + ifx(hsmi − hmi︸ ︷︷ ︸
hsi−2hmi

)−miẍgihmi (3.54)

Here, we obtain

fzfi = 1
sci

(migsai −Nisi)− 1
sci

(ifxhci +miẍgihmi) (3.55)

where sci = si + sfi and hci = 2hmi − hsi.

Then, similarly from Fig. 3.11(b) we obtain the remaining Newton’s and static equilibrium

equations

∑
iFy = miÿgi + ify (3.56)∑
Gnx = 0 (3.57)

These equations can be expanded as

fyri + fyli = miÿgi + ify (3.58)

(fzri − fzli)di + ifyhsmi − (fyri + fyli)hmi = 0 (3.59)

Inserting Eq. (3.58) into Eq. (3.59) produces

(fzri − fzli)di + ifyhsmi − (miÿgi + ify)hmi = 0

which can be simplified as

fzri = fzli + 1
di

(ifyhci +miÿgihmi) (3.60)

fzli = fzri − 1
di

(ifyhci +miÿgihmi) (3.61)
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While from Eq. (3.51) we obtain

fzri = mig − fzfi −Ni − fzli (3.62)

fzli = mig − fzfi −Ni − fzri (3.63)

Here, the value of fzri and fzli can be derived from Eqs.(3.60)–(3.63).

Replacing fzli in Eq. (3.62) with Eq. (3.61):

fzri = mig − fzfi −Ni − {fzri − 1
di

(ifyhci +miÿgihmi)}

= 1
2(mig − fzfi −Ni) + 1

2di
(ifyhci +miÿgihmi) (3.64)

Replacing fzri in Eq. (3.63) with Eq. (3.60):

fzli = mig − fzfi −Ni − {fzli + 1
di

(ifyhci +miÿgihmi)}

= 1
2(mig − fzfi −Ni)− 1

2di
(ifyhci +miÿgihmi) (3.65)

The first part of Eqs. (3.64) and (3.65) can be simplified by replacing the fzif from

Eq.(3.55)

mig−Ni − fzfi

= mig −Ni − { 1
sci

(migsai −Nisi)− 1
sci

(ifxhci +miẍgihmi)}

= 1
sci
{sci(mig −Ni)−migsai +Nisi}+ 1

sci
(ifxhci +miẍgihmi)

= 1
sci
{mig(sci − sai︸ ︷︷ ︸

sbi

) +Ni(si − sci︸ ︷︷ ︸
−sfi

)}+ 1
sci

(ifxhci +miẍgihmi)

= sbi
sci
mig −

sfi
sci
Ni + 1

sci
(ifxhci +miẍgihmi)

Finally, replacing back this value into Eqs. (3.64)–(3.65) and rearranging Eq. (3.55) yields

fzri = 1
2sci

Hai + 1
2di
Hbi + 1

2sci
Hci (3.66)

fzli = 1
2sci

Hai − 1
2di
Hbi + 1

2sci
Hci (3.67)

fzfi = − 1
sci
Hai + 1

sci
Hdi (3.68)
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where,

Hai = ifxhci +miẍgihmi (3.69)

Hbi = ifyhci +miÿgihmi (3.70)

Hci = migsbi −Nisfi (3.71)

Hdi = migsai −Nisi (3.72)

By defining ẍv = [ẍv ÿv φ̈v]
T and ẍ = [ẍ ÿ φ̈]T , the relationship between ẍv and ẍ can be

expressed by

ẍ = wT vẍv (3.73)

where

wT v =


cosφ − sinφ 0

sinφ cosφ 0

0 0 1



Taking into account that wT v is an orthogonal matrix, the inverse equation of this rela-

tionship can be derived by

ẍv = wT Tv ẍ (3.74)

Therefore, defining f zi = [fzri fzli fzfi]
T , if = [ifx

ify]
T , iẍgi = [ẍgi φ̈i]

T and replacing

ÿgi with the time derivative of the non-holonomic constraint (ÿgi = saiφ̈i), Eqs. (3.66)

and (3.67) can be introduced into matrix equation by

f zi = Ai
if +Bi

ixgi +Ci
wT Tv ẍ+Di (3.75)
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where,

Ai =


hci
2sci

hci
2di

hci
2sci

−hci
2di

− 1
sci

0

 ,Bi = mihmi


1

2sci
sai
2di

1
2sci

− sai
2di

− 1
sci

0



C1 =


sf1
2 c1 0 0

sf1
2 c1 0 0

s1c1 0 0

 ,C2 =


− sf2

2 c2 0 0

− sf2
2 c2 0 0

−s2c2 0 0

 , ci =
Maha
sciL

D1 = g


m1sb1
2sc1

− sf1MaL2

2sc1L

m1sb1
2sc1

− sf1MaL2

2sc1L

m1sa1
sc1
− s1MaL2

sc1L

 ,D2 = g


m2sb2
2sc2

− sf2MaL1

2sc2L

m2sb2
2sc2

− sf2MaL1

2sc2L

m2sa2
sc2
− s2MaL1

sc2L



Then, introducing the coordinate transformation matrix from Σi to Σw as wT i, defining

the normal force vector f z = [fTz1 f
T
z2]T for the wheel, setting f = [fT1 fT2 ]T , ẍg =

[1ẍTg1
2ẍTg2]T gives

f z = Af +Bẍg +Cẍ+D (3.76)

A =

 A1
wT T1 03×2

03×2 A2
wT T2

 ,wT i =

 cosφi − sinφi

sinφi cosφi



B =

 B1 03×2

03×2 B2

 ,C =

 C1
wT v

C2
wT v

 ,D =

 D1

D2



Also the dynamic property for the omnidirectional mobile robot also can be described as:

Mẍ = Ef (3.77)
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with

M = diag(Ma,Ma, I),

E =


1 0 1 0

0 1 0 1

−L1 sinφ L1 cosφ L2 sinφ −L2 cosφ



where I is the moment of inertia for upper vehicle.

Inserting the inverse equation of Eq. (3.77) into Eq. (3.76) yields

f z = AE∗Mẍ+Bẍg +Cẍ+D (3.78)

where E∗ denotes the pseudoinverse of matrix E as described by

E∗ =
1

L



L2 + αcc(φ) αsc(φ) − sinφ

αsc(φ) L2 + αss(φ) cosφ

L1 − αcc(φ) −αsc(φ) sinφ

−αsc(φ) L1 − αss(φ) − cosφ



αss(φ) = 1
2 (L1 − L2) sin2 φ

αsc(φ) = 1
2 (L1 − L2) sinφ cosφ

αcc(φ) = 1
2 (L1 − L2) cos2 φ

Also the relationship between iẋgi and ẋi can be written as

iẋgi = F iẋi (3.79)

where,

F i =

 cosφi sinφi

− 1
si

sinφi
1
si

cosφi


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Letting xa = [xT1 x
T
2 ]T and referring to Eq. (3.79), the following equation is satisfied:

ẋg = F ẋa (3.80)

where,

F =

 F 1 02×2

02×2 F 2



Combining Eqs. (3.80) and (3.7) gives

ẋg = FG∗ẋ (3.81)

Hence differentiating Eq. (3.81) with respect to time, we obtain

ẍg = (ḞG∗ + FĠ∗)ẋ+ FG∗ẍ (3.82)

where,

Ḟ =

 Ḟ 1 02×2

02×2 Ḟ 2

 , Ḟ i =

 −φ̇i sinφi φ̇i cosφi

− φ̇i
si

cosφi − φ̇i
si

sinφi

 ,

Ġ
∗

=



0 0 −L1φ̇i cosφ

0 0 −L1φ̇i sinφ

0 0 L2φ̇i cosφ

0 0 L2φ̇i sinφ



Replacing Eq. (3.82) into Eq. (3.78) and rearranging the equation yields

f z = K ′ẋ+K ′′ẍ+D (3.83)

where,

K ′ = B(ḞG∗ + FĠ∗)

K ′′ = AE∗M +BFG∗ +C
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3.5 Summary

This chapter has introduced the fundamental knowledge about a personal mobility robot

with active dual-wheel caster assemblies. It presented an omnidirectional mobile platform

with two architectures: four-wheeled architecture and six-wheeled architecture. The six-

wheeled architecture differed from the four-wheeled architecture in the additional passive

wheels. The general kinematic equations for both architectures were discussed. A con-

trol method using the kinematic equations named resolved velocity control was explained.

Finally, we derived the dynamical equations for both architectures to find the relation-

ship between the dynamical properties and the support forces. These equations will be

employed in the following chapter for predicting the net-force.



Chapter 4

Tip-over Prediction

4.1 Introduction

This thesis is to present two major concerns in the development of personal mobility

robots: i.e., ability to locomote on the ground with holonomic motion and the safety

aspect regarding the tip-over stability. In the previous chapter, a personal mobility robot

with active dual-wheel caster assemblies has been presented. Both active dual-wheel

casters which freely rotate around their steering axles produce dynamic footprints. As

far as the tip-over stability is concerned, the stability monitoring and the estimation of

tip-over occurrence are extremely important. The existing works related to the tip-over

stability are mostly concentrated on high-speed vehicles and mobile robots [109, 110].

Certainly, most of high-speed vehicles and mobile robots were fully facilitated with the

stability monitoring and tip-over avoidance system. Meanwhile, most of the existing

vehicles and mobile robots with low velocity ignore the possibility of tip-over occurrence

as long as the CoG is inside the support polygon and the static stability is obtained.

However, in reality, the dynamical effects such as instant braking and disturbances could

also appear at any instant without prior warning. Due to the dynamic footprints, it is

somehow difficult to predict the tip-over occurrence for the personal mobility robots with

active dual-wheel caster assemblies.

In this chapter, the tip-over prediction method is explained for the omnidirectional per-

sonal mobility robot with active dual-wheel caster assemblies. Two types of stability

metrics are introduced to measure the stability margin, i.e., the moment stability margin

(MSM) and the force-angle stability measure (FASM). The tip-over direction and the use

of the tip-over angle are also presented. Finally, the simulation results are discussed for

both architectures.

53
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4.2 Predicting the tip-over occurrence

4.2.1 Estimating the support polygon

With the assumption of a flat trajectory ground, the omnidirectional personal mobility

robot has a number of ground contact points equal to the number of wheels at any position

as long as the personal mobility robot is in a stable condition. The outermost ground

contact points of its footprint form a convex support polygon. All interior angles of the

convex support polygon are lesser than 180 deg. Unlike most vehicles, the shape of the

support polygon for this personal mobility robot is changed according to the posture of

the ADWCs and the given trajectory profile. There are numerous possible patterns even

for the same body posture. Figure 4.1 shows some examples of the support polygon for

a four-wheeled structure at the orientation of 90 deg. The shape of the support polygon

is either triangle or tetragon. However, if both of the ADWCs are totally aligned at 0

deg or 180 deg, the ground contact points are also aligned. A line is formed instead of

a support polygon. The personal mobility robot at this moment is considered as in a

critical stability position. The personal mobility robot may continue to fall if there is no

other action to stabilize the personal mobility robot is taken.

Figure 4.2 shows some examples of the support polygon for the six-wheeled architecture

which has similar orientation as the four-wheeled architecture in Fig. 4.1. The shape of

the support polygon for the six-wheeled architecture can be classified into three shapes:

tetragon, pentagon and hexagon. The personal mobility robot with the six-wheeled struc-

ture has three advantages over the four-wheeled structure: (i) larger support polygon, (ii)

the position of the CoG is kept inside the support polygon at any moment, and (iii) the

footprint will never be existed as a line. These advantages have made the personal mo-

bility robot to be a statistically stable structure. It can stand still in any posture without

tumbling as long as the dynamical effect is minimal.

The shape of the support polygon is correlated to the stability of the personal mobility

robot and also essential in determining the direction of the tip-over incident. Thus, finding

the shape of the support polygon is essential for the tip-over prediction. The shape of

the support polygon can be determined by finding the convex hull solution of the ground

contact points. The convex hull solution [111] for a set of points Q = {p1, p2, ..., pn} can

be described by Eq. 4.1. In our case, the value of n can be either n = 4 or n = 6,

depending on the number of wheels involved in the robot structure.

Pch ,


N∑
j=1

λjpj : λj ≥ 0 for all j and

N∑
j=1

λj = 1

 . (4.1)
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Figure 4.1: Support polygon for four-wheeled architecture

Tetragon Pentagon Hexagon

Figure 4.2: Support polygon for six-wheeled architecture
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Figure 4.3: Example of convex polygon for a set of points Q = {p1, p2, ..., p50}

Algorithm 1: Quickhull algorithm for the convex hull

1. Find the points with the minimum and maximum value of x, those are bound
to be part of the convex.

2. Use the line formed by the two points to divide the set in two subsets of points,
which will be processed recursively.

3. Determine the point, on one side of the line, with the maximum distance from
the line. The two points found before along with this one form a triangle.

4. The points lying inside of that triangle cannot be part of the convex hull and
can therefore be ignored in the next steps.

5. Repeat the previous two steps on the two lines formed by the triangle.

6. Keep on doing so on until no more points are left, the recursion has come to
an end and the points selected constitute the convex hull.

4.2.2 Evaluating the tip-over axis

Due to the rapid changes in the support polygon as shown in Fig. 4.4, a continuous

monitoring on the shape is very important. A normal tip-over incidence may take place

at one of the edge of the support polygon. The edge where the tip-over take place is called

a tip-over axis. A continuous measuring of stability metrics on each edges of the support

polygon is made to evaluate the tendency of the tip-over occurrence. Normally, the

candidate of the tip-over axis is determined by the minimum value from all measurements.

There have been several studies conducted to study the stability and the metric represen-

tation to show the tendency of the tip-over occurrence such mentioned in the introduction.
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Trajectory

Support Polygon

The center of mobile robot 

(i)

(ii)

(iii)

Figure 4.4: Support polygon with robot trajectory

We also examined some other existing variances [112, 113, 114]. A few papers also pre-

sented the comparison of these metrics based on their robot applications [115]. In this

thesis, two main measuring methods are used to evaluate the candidate of the tip-over

axis:

� Moment stability measure (MSM) [116]

The tip-over prediction is performed based on the measurement of moments at the

candidate of the tip-over axes. This principle can be illustrated using the general

form of an imaginary support polygon with n-contact points as shown in Fig. 4.5.

Each point represents the contact point of each wheel with the plane ground. The

shape of this support polygon will keep changing according to the current position

and the orientation of both dual-wheel casters. The supporting force, fzi can be

computed through the dynamics equations as derived in the previous chapter or

measured using force sensors in the actual drive system. The tipping instability

may occur in the case when one or more wheels is about to lift off the ground,

where the value of the supporting forces is approaching zero. In other cases, the

stability may also be affected when the area of the polygon becomes smaller and

narrower. In order to estimate the direction and proper presentation of the stability

margin, we propose a modified form of the conventional force-angle stability metric

where the moment for each tip-over axis is computed using the supporting forces

instead of the forces acting at the CoG. At any tipping axis, the total of the moments

caused by the supporting forces can be computed by:
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Figure 4.5: Moment stability measure

∑
nSi =



n−2∑
j=1

fz(i+j)R(i+j),i if i ≤ 2

i−2∑
j=1

fzjRj,i +
n−i∑
j=1

fz(i+j)R(i+j),i if 3 ≤ i < n

i−2∑
j=1

fz(j)R(j),i if i = n

(4.2)

where i = 1, 2, . . . n and Rm,i is the perpendicular distance from the contact point

of the supporting force, fzm to the Si tipping axis. Here, the value of m is either

1 ≤ m < i or i < m ≤ n. Therefore, the predicted tip-over axis can be described as

the axis with the minimum value of ΣnSi .

βmsm = min
i

∑
nSi for i = (1, . . . , n) (4.3)
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Figure 4.6: 3D Force-angle stability measure

� Force-angle stability measure (FASM) [117]

The force-angle stability measurement is adopted due to the sensitivity of changes

by the dynamical effects and the changes in the top heaviness of the robot. The

principle of the measurement can be described by the model as shown in Fig. 4.6.

The number of edges for the support polygon is 4 ≤ n ≤ 6. Here, the dynamic

equilibrium of forces at the COG can be obtained using the Newtonian principles

by

fr = Σfg + Σfd − Σfin = −Σfs (4.4)

where, the subscripts r, g, d, in and s denote the effective net force, gravitational,

external disturbances, inertial and support forces, respectively. Thus, the net force,

fr, can easily obtained if all support or reaction forces are known. In the case of

stationary condition, the value of fs is equal to the ground reaction forces which

caused by the gravitational force only. Here, the stability metric is measured by

βfasm = min
i

(θi· ‖ di ‖ · ‖ f ri ‖) for i = (1, . . . , n). (4.5)

where fri is the component of the net force perpendicular to the i−th edge of

the support polygon, θi is the angle between the resultant force and the vector li,
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and di is the vector from the position of the resultant force acting on the ground

perpendicular to the vector li. Here, the positive magnitude of βfasm indicates the

tip-over stability margin of a stable system. Critical tip-over stability condition

occurs when one of the components becoming zero, where the tip-over stability

margin βfasm = 0. Here, the net-force fr can be obtained from the dynamical

model by

fr = −

n∑
i=1

fzi

cosφr
(4.6)

where φr is the angle between the net-force and the z−axis. Meanwhile, the position

of the action point of the net force on the ground can be calculated by

xr =

n∑
i=1

fzixi

n∑
i=1

fzi

, yr =

n∑
i=1

fziyi

n∑
i=1

fzi

, (4.7)

Assuming the set of stability metrics as β = [β1 β2 ... βn]T , the minimum stability metrics

as βmin and the set of the support polygon edges as S = [S1 S2 ... Sn]T , the estimated

tip-over axis can be found by the following algorithm:

Algorithm 2: Finding the tip-over axis (Stip)

for i = 1 to n

if β(i) == βmin

return a = i

end if

end for

Stip = S(a)
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4.2.3 Tip-over direction and tip-over angle

With the assumption that the Stip is the line connected two of the ground contact points

pj and pj+1, then the tip-over direction can be described by the direction of the line which

connected the CoG perpendicularly to the Stip as shown in Fig. 4.7.

Figure 4.7: Tip-over axis and tip-over direction

By defining P g = [xg yg]
T and the virtual point in its longitudinal direction as P c =

[(xg + a) yg]
T , the tip-over direction can be described by the angle of αc. The value of αc

can be calculated using cosine rule by

αc = cos−1

(
|pgpc|2 + |pgpm|2 − |pcpm|2

|pgpc||pgpm|

)
(4.8)

Figure 4.8: Tip-over angle

This angle also can be represented according to the coordinate frame of the mobile plat-

form by a tip-over angle α which described by
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α = αc − φ. (4.9)

4.3 Simulation 1: Tip-over prediction for four-wheeled per-

sonal mobility robot

In this section, the simulation was performed to demonstrate and verify the effectiveness

of the prediction system for the four-wheeled personal mobility robot. The results of this

simulation were also presented in [116]. The moment stability measure (MSM) is used in

this simulation to measure the tip-over stability measure. The simulation time is 35 s,

sampling period 20 ms, the initial pose of the personal mobility robot was x = [0 0 0]T and

the initial orientation of each dual-wheel caster is set to 0 rad. The reference trajectory is

shown in Fig. 4.9(a). The personal mobility robot is set to move from a stationary state

to the velocity of 0.2 m/s in the first 6 s and maintains the velocity constantly to the end

of simulation. The personal mobility robot also is set to rotate at the angular velocity of
π
12 rad/s on the last 8 s. The physical parameters of this simulation are listed in Table

4.1.

Table 4.1: Physical parameters of the tip-over prediction simulation 1

d1, d2 0.13 [m] r1, r2 0.05 [m]

s1, s2 0.075 [m] sg1, sg2 0.0155 [m]

sf1, sf2 0.08 [m] I 12.708 [kgm2]

Ma 122 [kg] m1, m2 6.5 [kg]

L1,L2 0.3 [m] hs1, hs2 0.4 [m]

hm1, hm2 0.15 [m] hMa 0.7 [m]

Presented in Figs. 4.9 and 4.10 are the result of the conducted simulation for estimating

the supporting forces and moments stability measure (MSM). The estimated supporting

forces change according to the given velocity and acceleration. In the existence of ac-

celeration or deceleration, for example in the first 6 s, it is observed that the reaction

forces for the front ADWC are greater than those for the back ADWC. Here, the same

drive pattern as the conventional vehicle can be seen because all wheels are aligned in

parallel without any changes in orientation. However, in other situation, the forces are

distributed according to the current position and orientation of the ADWC assemblies.

In a constant velocity mode, the reaction forces for all wheels are identical if both of the

ADWC assemblies have the same orientation and direction. As shown in Fig. 4.10(b),

the moment values are reflected to the dynamics effect and the shape of supporting poly-

gon. These values represent the tendency of a tip-over occurrence at the respective edge
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Figure 4.9: References and responses

(tipping axis). In this simulation, we found that the personal mobility robot has more

tendencies to tip-over at S1 and S3 axis compared to S2 and S4 axis. However, at a cer-

tain time the shape of the supporting polygon may change to triangle, so the candidate

of the tip-over axis may be reduced to three or less. This can be seen from the value of

nS4 at the time of 34.5 s. The value of 0 Nm here does not represent an actual tip-over

occurrence. The number of edges has been reduced into three, therefore the fourth axis

possess zero value. At the final stage of the trajectory, the moment’s value is decreasing

due to the narrow supporting polygon. Here, a tip-over occurrence may easily happen if

any external forces due to disturbances or else were applied. Figure 4.11 shows the robot

trajectory with an actual position of ADWC assemblies and the comparison of the stabil-

ity measurement between the static stability margin (SSM) and MSM. In most situations

along this trajectory, the tip-over prediction by SSM and MSM are identical. However,

in the final position of the personal mobility robot, the MSM shows better estimation.

The personal mobility robot tends to tip-over at the axis with the MSM estimation, even

though the distance to the SSM’s estimated axis is nearer.
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Figure 4.10: Reaction forces and moments
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Figure 4.11: Trajectory and tip-over axis prediction
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4.4 Simulation 2: Tip-over prediction for six-wheeled per-

sonal mobility robot

In this section, the simulation was performed to demonstrate and verify the effectiveness

of the prediction system for the six-wheeled personal mobility robot. The force-angle

stability measure (FASM) is used in this simulation to measure the tip-over stability

measure. The results of these simulations were also presented in [108, 118].

These simulations were conducted under the resolved velocity control. The simulation

time is 10 s and the sampling period is 20 ms. The experiments were conducted in three

different cases with the same input of linear velocity. In order to evaluate the dynamic

effects, both velocity inputs for each case were set to be different in acceleration and

deceleration but have the same maximum velocity of 0.6 ms−1. The physical parameters

of the omnidirectional personal mobility robot are listed in Table 4.2.

Table 4.2: Physical parameters of the tip-over prediction simulation 2

d1, d2 0.13 [m] r1, r2 0.05 [m]

s1, s2 0.075 [m] sg1, sg2 0.0155 [m]

sf1, sf2 0.08 [m] I 12.708 [kgm2]

Ma 120 [kg] m1, m2 6.5 [kg]

L1 0.3 [m] L2 0.35 [m]

hs1, hs2 0.15 [m] hm1, hm2 0.08 [m]

hMa 0.7 [m]

4.4.1 Translational motion in longitudinal direction

The basic movement of any mobile robot is to perform a straight trajectory motion in

its longitudinal direction. In this experiment, the initial pose of the personal mobility

robot was set to x = [0 0 0]T and the initial orientation of each dual-wheel caster was

set to 0 rad. Presented in Fig. 4.12 is the result for this simulation. From Fig. 4.12(i),

it is found that both longitudinal motions are stable and there is no possibility of tip-

over occurrence. However, the second motion with a lower acceleration and deceleration

poses better stability compared with the first motion. The estimated tip-over direction

is maintained through the simulation at the angle of −1.5708 rad or equal to −90 deg,

which is the right side of the personal mobility robot.
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4.4.2 Translational motion in sideway direction

A special feature of a holonomic and omnidirectional mobile robot is the capability to

move to the sideway direction without changing its orientation. To evaluate this property

and its stability measurement, the personal mobility robot is set to move to its sideway

direction from an initial pose of x = [0 0 π
2 ]T and the initial orientation of both ADWCs

were set to π
2 rad. Fig. 4.13 shows the result for the sideway motion of the personal

mobility robot. As referred to Figs. 4.13(a) and 4.13(b), both ADWCs keep changing

their direction from π
2 rad to 0 rad in the first 2 m. The effects of this change can be seen

from the FASM value as shown in Fig. 4.13(i) for the first 4 s. It is clear that this rapid

change did not cause any tip-over occurrences. In the second stage of constant velocity,

both motions are in a stable condition. However, the stability value decreased in the final

stage when the personal mobility robot begins to decelerate. This deceleration or braking

possibly leads the personal mobility robot in motion 1 to tip-over as the FASM 1 becomes

zero. The estimated direction of this tip-over incident may occur on the left side of the

personal mobility robot as shown in Fig. 4.13(j).

4.4.3 Translational and rotational motion

Another feature of the holonomic omnidirectional mobile robot is the capability to rotate

while performing any translational motion. To analyze the stability with this property,

the personal mobility robot is set to move to its longitudinal direction while performing

rotation. The initial pose of the personal mobility robot was set to x = [0 0 0]T and the

initial orientation of both ADWCs were set to 0 rad. The additional angular velocity was

set to π
20 rads−1. Fig. 4.14 shows the result of this simulation. As shown in Figs. 4.14(a)

and 4.14(b), the personal mobility robot and the ADWCs were observed to change rapidly

their orientation along the trajectory. In a lower acceleration effect, this change did not

cause the personal mobility robot to tip-over as shown in Fig. 4.14(i). However, in the

existence of sudden braking and the final pose as observed in Fig. 4.14(a) or 4.14(b), the

personal mobility robot is estimated to tip-over on the left side. This incident is identical

to the tip-over incident that is observed in previous case.
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(h) Reaction forces of front wheels (Input velocity=Vx2)
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Figure 4.12: References and responses for translational motion in longitudinal direction
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Figure 4.13: References and responses for translational motion in sideway direction
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Figure 4.14: References and responses for translational and rotational motion
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4.4.4 Combination trajectories

The simulation was performed to demonstrate and verify the effectiveness of the dynamical

model as well as the tipping stability prediction method. This simulation was conducted

under the resolved velocity control. The simulation time is 35 s, sampling period 20 ms,

the initial pose of the personal mobility robot was x = [0 0 0]T and the initial orientation

of each dual-wheel caster was set to 0 rad. The reference trajectory and velocity is shown

in Fig. 4.15. The personal mobility robot is set to move from a stationary state to the

velocity of 0.2 ms−1 in the first 6 s and maintains the velocity constantly to the end of

simulation. The personal mobility robot also is set to rotate at the angular velocity of π
12

rads−1 on the last 8 s. The physical parameters of this simulation are listed in Table 4.3.
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Figure 4.15: Reference and response

Presented in Figs. 4.16 and 4.17 are the results of the conducted simulation for esti-

mating the supporting forces and FASM. As shown in Figs. 4.16(a) and 4.16(b), the

estimated supporting forces are reflected to the given velocity and acceleration. Fig.

4.17(a) shows the response of the overall personal mobility robot system including the

position of ADWC. The supporting polygon subjected to this position is shown in Fig.

4.17(b). The shape of the supporting polygon changes rapidly according to the pose of
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ADWCs. The prediction of tipping axis is shown by the FASM. Here, we also enclose the

result under static stability measurement shown by the SSM.
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Figure 4.16: Estimated supporting forces
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Figure 4.17: Supporting polygon and tip-over prediction
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4.5 Simulation 3: Relationship between the transport loads

and the tip-over stability

In this section, the simulations were conducted to analyze the relationship between the

transport loads and the tip-over stability. An increase in the loading weight also leads

to the increase in the CoG weight. Thus, these simulations also examined the effects of

the changes in the CoG height to the tip-over stability. The simulation results were also

presented in [119].

The simulation time is 10 s and the sampling period is 20 ms. The task of the personal

mobility robot is to transport several boxes in two simple motion of a holonomic and

omnidirectional personal mobility robot. In addition, each transport is simulated under

two different acceleration and deceleration but have the same maximum velocity of 0.6

ms−1. The dimension of each box is set to 1.0 m × 0.5 m × 0.2 m with the weight of

20 kg. Assume that the dimension of personal mobility platform is 1.0 m × 0.5 m × 0.1

m. The physical parameters of the omnidirectional personal mobility robot are listed in

Table 4.3.

Figure 4.18: Transportation for different loads

Table 4.3: Physical parameters of the tip-over prediction simulation 3

Ma 120 [kg] m1, m2 6.5 [kg]

L1 0.3 [m] L2 0.35 [m]

hs1, hs2 0.15 [m] hm1, hm2 0.08 [m]

d1, d2 0.13 [m] r1, r2 0.05 [m]

s1, s2 0.075 [m] sg1, sg2 0.0155 [m]

sf1, sf2 0.08 [m] Mp 5.0 [kg]
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4.5.1 Translational motion in sideway direction

A special feature of a holonomic omnidirectional mobile robot is the capability to move to

the sideway direction without changing its orientation. To evaluate this property and its

stability measurement, the personal mobility robot is set to move to its sideway direction

from an initial pose of x = [0 0 π
2 ]T , the initial orientation of ADWC1 is set to π

4 rad and

ADWC2 is set to −π
4 rad. Fig. 4.19 shows the result for the sideway motion of thepersonal

mobility robot. As referred to Figs. 4.19(a) and 4.19(b), both ADWCs keep changing

their direction from their initial orientation to 0 rad in the first 2 m before continuing

with straight trajectory. This proved that the personal mobility robot is holonomic and

capable of driving to its sideway even though the ADWCs is not on the same direction

as the required trajectory. Figs. 4.19(e)−4.19(j) show the FASM value and the estimated

tip-over angle for each task. From this result, it is noted that the personal mobility

robot with no load tends to tip-over more to the left side of the personal mobility robot

compared with any load transportation. The transportation for 1 box and 3 boxes shows

not much different on its estimated tipping direction. However, the transportation with

the maximum of 5 boxes tends to change the tip-over direction from the right to the left

side earlier on 6 s. In all cases, the estimated tip-over direction is 90 deg to the left or

right side of the personal mobility robot. The tip-over incident is estimated to occur at

the end of transportation for the load more than 2 boxes when the velocity is set to Vx1.

This is referred to the zero FASM value in Figs. 4.19(g)−4.19(j).

4.5.2 Translational and rotational motion

Another feature of the holonomic omnidirectional mobile robot is the capability to rotate

while performing any translational motion. To analyze the stability with this property,

the personal mobility robot is set to move to its longitudinal direction while performing

rotation. The initial pose of the personal mobility robot was set to x = [0 0 0]T and the

initial orientation of both ADWCs were set to 0 rad. The additional angular velocity was

set to π
20 rads−1. Fig. 4.20 shows the result of this simulation. As shown in Figs. 4.20(a)

and 4.20(b), the personal mobility robot and the ADWCs were observed to change rapidly

their orientation along the trajectory. In the zero load condition thepersonal mobility

robot tends to tip-over in the left side direction during the start of maneuver and between

the period of 7 to 9 s. On the other hand, the transportation with load did not tend to tip-

over at the left side on the beginning. However, the transportation with load is observed

to has the tendency of tip-over in the left direction during the deceleration (braking)

period at the end of maneuver. However, the transportation for 1 box is estimated to be
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more stable compared with other transportation with load by referencing to the FASM

value shown in Figs. 4.20(g)−4.20(j) .

4.6 Summary

This chapter has introduced the tip-over prediction methods for personal mobility robots

with active dual-wheel caster assemblies. The prediction of the support polygon for every

existing footprints has been discussed and solved using the convex hull algorithm. Two

methods for determining the tip-over stability also were introduced: the moment stabil-

ity measure (MSM) and the force-angle stability measure (FASM). The MSM is novel

and used to estimate the tip-over stability for the four-wheeled personal mobility robots.

Meanwhile, the FASM superior to the MSM was used later in the six-wheeled personal

mobility robots. The performance of these prediction methods has been compared with

the standard prediction method using the SSM values. The tip-over stability was also

proved to be influenced by changing the loads and the height of the CoG. The prediction

method for the six-wheeled structure will be further discussed in the next chapter for the

use of the tip-over stability enhancement.



Chapter 4. Tip-over Prediction 75

−1 0 1 2 3 4 5 6
−1

0

1

2

Position X [m]

P
o
s
it
io

n
 Y

 [
m

]

 

 

Mobile platform

ADWC 1

ADWC 2

(a) Estimated trajectory (Input velocity=Vx1)

−1 0 1 2 3 4 5 6
−1

0

1

2

Position X [m]

P
o
s
it
io

n
 Y

 [
m

]

 

 

Mobile platform

ADWC 1

ADWC 2

(b) Estimated trajectory (Input velocity=Vx2)

0 1 2 3 4 5 6 7 8 9 10
0

0.2

0.4

0.6

0.8

Time [s]

V
e
lo

c
it
y
 [
m

s−
1
]

 

 

V
xd1

V
xd2

V
x1

V
x2

(c) Velocity (Vxdi: desired , Vxi: response)

0 1 2 3 4 5 6 7 8 9 10
−1

−0.5

0

0.5

1

Time [s]
A

c
c
e

le
ra

ti
o

n
 [

m
s

−
2
]

 

 

A
xd1

A
xd2

A
x1

A
x2

(d) Acceleration (Axdi: desired , Axi: response)

0

2

4

6

F
A

S
M

 

 

FASM 1 FASM 2

0 1 2 3 4 5 6 7 8 9 10
−2

0

2

4

6

Time [s]

α 
[r

ad
]

 

 

Angle 1 Angle 2

(e) Estimated FASM and tip-over angle without load

0

2

4

F
A

S
M

 

 

FASM 1 FASM 2

0 1 2 3 4 5 6 7 8 9 10
−2

0

2

4

6

Time [s]

α 
[r

ad
]

 

 

Angle 1 Angle 2

(f) Estimated FASM and tip-over angle with 1 box

0

5

10

F
A

S
M

 

 

FASM 1 FASM 2

0 1 2 3 4 5 6 7 8 9 10
−2

0

2

4

6

Time [s]

α 
[r

ad
]

 

 

Angle 1 Angle 2

(g) Estimated FASM and tip-over angle with 2 boxes

0

5

10

F
A

S
M

 

 

FASM 1 FASM 2

0 1 2 3 4 5 6 7 8 9 10
−2

0

2

4

6

Time [s]

α 
[r

ad
]

 

 

Angle 1 Angle 2

(h) Estimated FASM and tip-over angle with 3 boxes

0

5

10

F
A

S
M

 

 

FASM 1 FASM 2

0 1 2 3 4 5 6 7 8 9 10
−2

0

2

4

6

Time [s]

α 
[r

ad
]

 

 

Angle 1 Angle 2

(i) Estimated FASM and tip-over angle with 4 boxes

0

5

10

15

F
A

S
M

 

 

FASM 1 FASM 2

0 1 2 3 4 5 6 7 8 9 10
−2

0

2

4

6

Time [s]

α 
[r

ad
]

 

 

Angle 1 Angle 2

(j) Estimated FASM and tip-over angle with 5 boxes

Figure 4.19: References and responses for translational motion in sideway direction
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Figure 4.20: References and responses for translational and rotational motion



Chapter 5

Tip-over Stability Enhancement

5.1 Introduction

In general, all vehicles and mobile robots were developed with the consideration of sta-

bility. Failure in securing a good stability for the vehicles and mobile robots could lead

to heavy injuries and also damage the robot itself [120]. Normally, vehicles and mobile

robots with lower CoG, wide supporting area and low velocity disregard the dynamical

effects. Most of them were designed with more than three wheels to make sure the CoG

position is kept inside the supporting polygon at all times. Meanwhile, statically unstable

vehicles and mobile robots usually apply dynamical control such as inverted pendulum

model to make sure that they are keeping in balance. The personal mobility robots with

active dual-wheel caster assemblies however were statically stable but possible to tip-over

when the dynamical effects exist as shown in Fig. 5.1. Thus, it is necessary for the per-

sonal mobility robots to be stable either in any static positions or during the existence of

dynamics. In the previous chapter, the tip-over stability analysis and the tip-over predic-

tion method have been presented. This chapter will introduce the extended work of the

previous chapter by proposing the tip-over prevention systems for the personal mobility

robot. The tip-over prevention approaches in this thesis were facilitated by the tip-over

stability enhancement.

Figure 5.1: Personal mobility robots without crash prevention

77
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5.2 Tip-over stability enhancement

A general idea in preventing the tip-over occurrence is providing a motion in the direction

of the tip-over as shown in Fig. 5.2. This concept normally implemented for the inverted

pendulum model mobile robots [121, 28]. A holonomic and omnidirectional mobile plat-

form is capable to generate an instantaneous planar motion in any direction depending

on the estimated tip-over direction. However, the motion may require some free spaces

around the personal mobility robot. In actual implementation in a crowded environment,

this extra motion may worsen the situation with an unexpected collision between the ma-

chines or human. Therefore, enhancing the stability without providing any extra external

motion is more preferable for maintaining a stable maneuver. With the existing design of

the personal mobility robot, the tip-over incidents tend to occur more in the lateral direc-

tion compared with other directions based on the FASM analysis in our previous paper

[108]. Thus it is sufficient to provide a preventing mechanism that focused on the lateral

instability control only. Here, we proposed two methods: i.e., alteration of acceleration

input and gyroscopic torque device as the stability enhancer to improve the stability and

prevent a tip-over incident.

Figure 5.2: Personal mobility robots moving towards tipping direction to balance

5.2.1 Alteration of acceleration input

The tip-over stability is very sensitive to the changes in the acceleration and deceleration

of the personal mobility robot as shown by the simulation result in the previous chap-

ter. Based on the tip-over stability measure, the unstable region can be identified and

correlated with the given velocity and acceleration input. The tip-over stability can be

improved by simply altering the related command to surpass the preset tip-over stability

threshold. Other parts which passed the preset tip-over stability threshold are maintained

like the prior input. This simple method can be explained by Fig. 5.3. Assuming the

threshold of the tip-over is set to βt, the unstable region which is less than the βt can be

recognized and grouped. The given velocity and acceleration are recognized for the same

time region and altered as a new command. The alteration can be done by extending

the time for acceleration/ braking as shown in Fig. 5.3(b). In this example, the time for
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travel is extended from tj to tk where tk = tj + ∆t. Thus the personal mobility can be

kept in stable condition along the predefined trajectory as shown in Fig. 5.4.

(a) Before alteration (b) After alteration

Figure 5.3: Alteration of the acceleration, e.g. by extension of the acceleration/decel-
eration time

Figure 5.4: Personal mobility robots with alteration of acceleration input

5.2.2 Single-gimbal control moment gyro

This thesis also proposed the use of a gyroscopic torque device, i.e. a single-gimbal control

moment gyro (SGCMG), to assist the personal mobility robot for maintaining the stability

[122, 123, 124]. The control moment gyro (CMG) is a torque generator for attitude control

of an artificial satellite and as a roll-over controller device for a ship vessel [125, 126]. A

general idea of the CMG for the tip-over prevention is shown in Fig. 5.5. The CMG will

generate counter torques against the predicted tip-over axis to maintain the stability. In

our approach, single-gimbal CMG is chosen based on the advantages of the simplicity and

Figure 5.5: Personal mobility robots with gyro stabilizer
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Figure 5.6: Overview of the model including the SGCMG unit

higher output torque compared to the double-gimbal CMG (DGCMG). In addition, it

also enables a higher instantaneous torque compared with the reaction wheel where CMG

can store higher momentum in every second. The SGCMG unit is installed at the center

of the mobile platform as shown in Fig. 5.6.

A simple SGCMG system consists of a flywheel rotating at a constant speed and one

gimbal motor as shown in Fig. 5.7. The spinning flywheel produces an angular momentum

Hf in the z−axis direction. If a rotational precession rate of ωp is applied to the spinning

flywheel about the gimbal axis, a precession output torque, τp which is perpendicular to

the direction of Hf and ωp will be generated.

Defining the angular velocity of the spinning flywheel as ωf and the moment of inertia

of the flywheel as If , the angular momentum produced by the spinning flywheel in the

z−axis is

Hf = Ifωf (5.1)

Flywheel
motor

Gimbal
motor

Flywheel

Vehicle
frame

Figure 5.7: Single-gimbal control moment gyro
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Thus, the gyroscopic torque produced by the existing rotational precession rate of ωp is

τp = Hfωp = Ifωfωp (5.2)

Due to the changes in the gimbal angle, the acting torque around the x- axis can be

represented by

τpx = τp cos(θi) (5.3)

The production of this gyroscopic torque induced a force to the center of mass on the y-

axis direction which later use to provide a counter force to the predicted tip-over direction.

The overview of the tip-over stability enhancement system is shown in Fig. 5.8. The value

of ωa depends on the control method, whether it is set to ωa = ωf or ωa = ωp.

Vehicle

Dynamical
Model

Determine
Net Force CMG

Normal Force Estimator Tip-over Estimator

FASM
Counter
Torque

Estimation

Tip-over Prevention

Figure 5.8: Overview of a tip-over prediction and tip-over stability enhancement system

5.3 Simulation

In order to verify the performance of the proposed SGCMG for the tip-over stability

enhancement system, some simulations were conducted using simple motions of the holo-

nomic and omnidirectional mobile platform. The simulations were conducted under the

resolved velocity control for the transportation task which is divided into two: (1) transla-

tional motion in sideway direction, (2) simultaneous translational and rotational motion.

The transportation load is set to 80 kg with the dimension of 1.0 m × 0.5 m × 0.8 m and

the dimension of the mobile platform is set to 1.0 m × 0.5 m × 0.1 m. Other physical

parameters of the personal mobility robot are listed in Table 5.1. The sampling interval

for all simulation is set to 20 ms.

5.3.1 Translational motion in sideway direction

The personal mobility robot is set to move to the sideway direction from an initial pose

of x = [0 0 5
9π]T , the initial orientation of ADWC1 is set to 3

4π rad and ADWC2 is set
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Table 5.1: Physical parameters of the tip-over stability enhancement simulation

Ma 87 [kg] m1, m2 6.5 [kg]

L1 0.28 [m] L2 0.28 [m]

hs1, hs2 0.15 [m] hm1, hm2 0.08 [m]

d1, d2 0.152 [m] r1, r2 0.05 [m]

s1, s2 0.0875 [m] sg1, sg2 0.028 [m]

sf1, sf2 0.175 [m]

to −3
4π rad. In this simulation, the SGCMG is set to produce a gimbal rate of 1 rad/s

when the FASM ≤ 6. The velocity and acceleration profiles for this simulation are shown

in Fig. 5.9. The simulation time is 13 s and the maximum velocity is set to 0.7 m/s.
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Figure 5.9: Velocity and acceleration profile (desired and actual)

Figure 5.10 shows the result of this simulation. The personal mobility robot performed the

trajectory as shown in Fig. 5.10(a) without any tip-over incident was estimated where

the stability is measured above zero as shown in Fig. 5.10(c). However, low tip-over

stability is measured for the FASM ≤ 6 at two intervals: (1) the first 0.16 s, (2) between

12 s to 13 s. Both intervals of lower stability were measured during the acceleration

and deceleration (braking) of the personal mobility robot where the dynamical effect was

exists. A more stable maneuver is estimated during the constant velocity between 0.5 s

to 12 s. Although the first acceleration is greater than the deceleration during braking,

the stability during the acceleration is more stable. From our observation, more than half

of the acceleration interval is stable (FASM > 6). The low stability in this period is not

purely caused by the acceleration but also due to the rapid changes in the footprint shape.

The stability enhancement by the SGCMG is effectively accomplished as shown by the

FASMcmg value in Fig. 5.10(c). The stability in both intervals is improved. Fig. 5.10(d)

shows the responses of the SGCMG. The flywheel of the SGCMG is initially rotating at

287.03 rad/s and changing rapidly at the end of the trajectory in parallel to the changes

in gimbal angle to maintain the output torque.
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Figure 5.10: Response for translational motion in sideway direction
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5.3.2 Simultaneous translational and rotational motion

The personal mobility robot is set to perform a simultaneous translational and rotational

motion from an initial pose of x = [0 0 π
2 ]T , the initial orientation of ADWC1 is set to

π
2 rad and ADWC2 is set to π

4 rad. In this simulation, the SGCMG is set to produce

a gimbal rate of 1 rad/s when the FASM ≤ 5. The velocity and acceleration profile for

this simulation is shown in Fig. 5.11. The simulation time is 12.5 s and the maximum

translational velocity is set to 0.6 m/s. An additional rotational motion of π
10 rad/s is

also included while performing the translational motion.
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Figure 5.11: Velocity and acceleration profile (desired and actual)

Figure 5.12 shows the result of this simulation. The personal mobility robot was observed

to be stable along the trajectory except at 12 s where the FASM has reached zero. As

shown in Fig. 5.12(c) , the unstable region only measured at the final period during

deceleration between 12 s to 12.5 s. In comparison with a normal translational motion,

the stability of the personal mobility robot is keep changing along the trajectory due

to the rapid changes in the ADWCs orientation (footprint). We also observed that the

tip-over stability between 12 s to 12.5 s is improved by the SGCMG. The response of the

SGCMG during the stability enhancement is shown in Fig. 5.12(d) . The flywheel of the

SGCMG which is initially rotating at 287.03 rad/s changed in the final 0.5 s to 321.22

rad/s.
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Figure 5.12: Response for simultaneous translational and rotational motion
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5.3.3 Alteration of acceleration and deceleration

Another method for enhancing the tip-over stability is by finding the safest acceleration

and deceleration limit for the specific motion before the actual motion. Here, we moder-

ated the acceleration and deceleration input before departure by finding the best solution

of FASM value that passed the requirement of FASM>6. Figure 5.13 shows the com-

parison of the stability enhancement between the SGCMG method and the acceleration

moderation method. We observed that the SGCMG method has shorter traveling time in

comparison with the acceleration moderation method. In the first translational motion,

the time is reduced by 0.46 s. Meanwhile, the time for simultaneous translational and

rotational motion is reduced by 0.18 s. Thus, the SGCMG method is more desirable in

term of advantage in the shorter travel time cost.

(a) Traslational motion
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Figure 5.13: Comparison between the alteration of acceleration method and the
SGCMG

5.4 Summary

In this chapter, we have examined two methods for the tip-over stability enhancement:

i.e., alteration of acceleration input and gyroscopic torque device using the single-gimbal

control moment gyro (SGCMG). From the simulation results, we found that both methods

were capable of enhancing the tip-over stability and of preventing the personal mobility

robots from the tip-over occurrence. The alteration of acceleration input method is more

suitable for the robot path planning instead of instantaneous tip-over prevention. Mean-

while, the latter method using the SGCMG is more suitable for the real-time operation.
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The performance of the SGCMG method is also proven to be superior in travel time cost

to the alteration of the acceleration input method.



Chapter 6

Conclusion

This chapter summaries the contributions of this thesis and describes possible future

directions for completion and extension of this work.

6.1 Summary of contribution

The primary theoretical contributions which have been presented in this thesis can be

summarized as follows:

1. Most of the personal mobility robots introduced by several companies and univer-

sities were unique and have their own specialty. However, most of them require

large spaces for rotation and turning, and is not capable of moving laterally. In

consideration to the needs of motion in a crowded area, this thesis has presented

a new approach to a personal mobility robot with holonomic and omnidirectional

capabilities. The personal mobility robot was structured with two units of active

dual-wheel caster assemblies. The locomotion mechanism provided by the active

dual-wheel caster has advantages over that with the specialized wheel in the fact

that it has better traction force and is able to handle the motion for indoor and out-

door applications. The use of the standard wheel also has a merit for overcoming

the steps and uneven terrain.

2. Two basic designs for the personal mobility robot were proposed: i.e., four-wheeled

architecture and six-wheeled architecture. The six-wheeled architecture has better

stability in comparison with the four-wheeled architecture because of larger support

polygon area. The personal mobility robot with four-wheeled structure also requires

dynamical control when both active dual-wheel casters were aligned 90 deg to the

88
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right or left of the robot’s body. The six-wheeled architecture was more preferable

for the personal mobility robot and discussed in detail for the tip-over prediction

and prevention.

3. Dynamical models for both architectures were derived to predict the wheel reaction

forces which were later used for estimating the net-forces in the tip-over prediction.

4. A novel method named Moment Stability Measure (MSM) was introduced to mea-

sure the tip-over stability. The performance of the MSM was shown to be equal to

the existing measurement technique as proven by simulations.

5. The tip-over prediction system has been developed using the stability metrics, i.e.,

MSM and the Force-angle Stability Measure, and the derived dynamical model. The

candidate of the tip-over occurrence was described using the tip-over angle.

6. Two methods for the tip-over stability enhancements were proposed: i.e., alteration

of acceleration input and gyroscopic torque device using the single-gimbal control

moment gyro (SGCMG). Both methods were capable of enhancing the tip-over

stability and preventing the personal mobility robots from the tip-over occurrence.

The alteration of acceleration input method was more suitable for considering the

robot path planning instead of instantaneous tip-over prevention. Meanwhile, the

latter method using the SGCMG was more suitable for the real-time operation. The

performance of the SGCMG method was also proven to be superior in travel time

cost to the alteration of the acceleration input method.

6.2 Future works

This section describes several suggestions for the completion and extension of this research.

1. Development of prototype:

A prototype for the personal mobility robot with active dual-wheel caster assemblies

should be developed. Real experiments for this prototype are necessary for real

applications.

2. Development of advanced control system for the SGCMG:

The basic control system for the SGCMG was discussed in Chapter 5. More ad-

vanced system to control the gimbal rate of the SGCMG is necessary especially for

more complicated trajectories.
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3. Human dynamics:

The dynamical model for the personal mobility robots also should consider the

human dynamics in the passenger model.
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