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Abstract

This thesis proposes a new model called the Augmented Linear Inverted Pendulum
(ALIP) for bipedal walking. In this model, an augmented function F is added to the
dynamic equation of the Linear Inverted Pendulum. The role of the augmented function
is to improve the inverted pendulum dynamics by indirectly incorporating the dynamics
of the arms, legs, heads, etc into the dynamics equation. The inverted pendulum dynam-
ics can be easily adjusted or modified by changing the key parameters of the augmented
function. Genetic algorithm is used to find the optimal value of the key parameters of
the augmented function. Our objective is to design a walking pattern that has the highest

stability margin possible.

The proposed ALIP model was used to generate off-line walking pattern for biped robot
in 2D and 3D walking. Simulation results show that the proposed ALIP model is able
to generate highly stable walking patterns. The walking patterns generated using the
proposed approach is more stable than that generated using the LIPM model and GCIPM

(an improved version of the LIPM model) model.

The ankle control strategy was proposed to improve stability margin. In this strategy,

the ankle joint is controlled such that the ZMP stays as close to the middle point of
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SUMMARY ix

the supporting foot as possible. This is obtained by adjusting the ankle pitch and roll
angles based on the ground reaction force information so that the difference between the
ground reaction force at the heel and toe is minimized. Simulation results show that the
proposed method is effective in increasing the stability margin of the bipedal walking

robot.

The proposed ALIP model was also successfully applied to generate online walking
motion in sagittal plane. The online walking algorithm comprises of a proposed function
called the Foot Placement Indicator (FPI). The Foot Placement Indicator (FPI) is an
important part of the online walking algorithm. The role of the FPI is to decide the next
walking steps (how far and how fast to take the next step) during the walking process
based on the current states of the biped robot. Simulation results show that the obtained
online walking motion is highly stable with large stability margin. In addition, the
proposed algorithm is able to compensate for fairly large external disturbances affecting

the walking robot.
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Chapter 1

Introduction

1.1 Bipedal Locomotion

1.1.1 Definition

Bipedal locomotion is a form of movement where an object (human beings, animals,
machines) moves by means of its two rear/lower limbs, or legs. An object that usually

moves in a bipedal manner is usually known as biped.

There are four types of movements in bipedal locomotion including: Standing, Walking,

Running and Jumping (or Hopping).

e Standing: Staying still on both legs. For human beings and animals the knees are
locked while standing to minimized active control efforts. However, for humanoid

robots the knee joints are usually powered in order to keep this standing posture.
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1.1 Bipedal Locomotion 2

e Walking: a process where the two feet exchanges support. One foot is in front of

another with at least one foot on the ground at any time.

e Running: a process of feet exchange where one foot in front of another and there are

periods where both feet are off the ground.

e Jumping/Hopping: a process where both legs are contracted and extended to generate

reaction force that moves the object in a desired direction.

Among the four types of movements, probably walking is the most commonly used one.
In this thesis we only focus on the walking motion. Therefore, from now on, bipedal

locomotion is also referred to as bipedal walking.

1.1.2 Why Study Bipedal Locomotion?

Bipedal locomotion has been a topic of great interest of researchers for many years.
There are plenty of reasons why we should study bipedal locomotion. Probably the
key reason is that human beings have always dreamed of building machines that are
similar to themselves (human beings are also bipedal). Since the ancient times, many
people tried to design human-like machines. In 1206, Al-Jazari created hand washing
automata with automatic humanoid servants [68], and an elephant clock incorporating
an automatic humanoid mahout striking a cymbal on the half-hour. In 1495, Leonardo
Da Vinci designed a humanoid automaton that looks like an armored knight, known as

Leonardo’s robot.
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1.1 Bipedal Locomotion 3

Another reason to study bipedal robots is because of their ability to navigate in rugged
terrains where wheeled robots can not operate. Bipedal locomotion probably takes the
smallest space compared to other types of robots. They can access areas where other
robots can not such as staircases, stepping stones, or very narrow paths. Ideally, they
can operate in a complex environment where human beings live and work. In addition,
bipedal robots can be used in hostile or hazardous places where human beings can not

work in.

Studying bipedal locomotion also gives us insights on how human beings walk [67]. In
the past, when bipedal robots were not available, studies on human walking was done
solely by biomechanics researchers and these research were carried out on human sub-
jects. Nowadays, when supporting technologies for building bipedal robots is well de-
veloped and many advanced bipedal platforms have been built we can conduct research
on human walking using these bipedal platforms. Although there are still differences
in physical structure between bipedal robots and human beings, the basic walking gaits
are similar. Doing research on bipedal robots one can test out different walking behav-
iors and scenarios where can not be done on human beings because of potential danger.
Better understanding of bipedal locomotion would assist us in developing better leg

prostheses for disabled people.

1.1.3 Challenges

Bipedal walking is a challenging control problem because it is a highly non-linear dy-

namics system [76]. Dealing with non-linear dynamics is always a difficult problem
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because it is very complicated and usually very hard to find analytical solution to these

problems. Bipedal walking is also a multi-variable and naturally unstable dynamics.

Another characteristic that makes bipedal walking difficult is limited foot-ground contact[61].
This is a distinctive nature that makes it different from the control of robotics arms.
Since the feet is not fixed to the ground as in robotic arms, it is likely that the supporting
foot/feet would rotate over and cause the robot to fall if too much torque is applied at
the ankle. This means that only limited control action can be applied during walking
motion. The motion of other body parts such as arms, head and trunk must be prop-
erly planned so that they would not caused the robot to deviate from desired trajectories

which may lead to a fall.

Bipedal walking robot is a discretely changing dynamics system. During a walking
cycle, the exchange in feet/foot support causes a change in robot’s dynamics. Due to the
non-continuous property of the dynamics equations, it is challenging to apply traditional

techniques to stabilize the system.

Stability is a critical issue of bipedal walking but there is still no clear and unified crite-
rion of stability so far. One of the commonly used stability criterions in bipedal walking
is the Zero-moment-point [83, 82, 84]. However, this method also has its own disadvan-

tages as it can not guarantee stability in some special cases.
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1.2 Motivation 5

1.2 Motivation

Bipedal walking research has been around for over thirty years. Many research works
have been introduced to tackle the challenges of bipedal walking. These works can
be classified into the following methods: Model-based approach, ZMP-based approach,
Learning-based approach, Central Pattern Generator approach, and Angular Momentum-

based approach.

Among these approaches, model-based approach seems to be the most comprehensive
and straightforward approach to bipedal gait planning. Model-based approach is an
approach whereby dynamics of the physical robot is modeled using mathematical repre-
sentation. The mathematical representation is also referred to as the dynamic equation
of the system. In order to analyze the system dynamics, it is usually required to solve the
dynamics equation for interested parameters. Once the solution is known, it is straight-
forward to plan the walking gait for bipedal robots. However, due to the high level
of complexity and non-linearity of bipedal walking dynamics, it’s almost impossible
to find analytical solution for the complete dynamics bipedal model. Therefore, many
researchers choose to simplify the dynamics model so that analytical solution can be

obtained.

There are two ways to simplify the dynamics equation. The first way is to linearize
the dynamics equation of complex model at equilibrium points. The advantage of this
method is that the analytical solution can be obtained without having to change the orig-

inal complex dynamic model. However, this method only works well in a limited range
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around the equilibrium point. When the state of the system is far from the equilibrium
point, the solution is not effective anymore. This is not desirable because it reduces
the flexibility of the algorithm. The second way to simplify the dynamics equation is
to use simpler dynamics models. This is done by neglecting the inertia properties, joint
friction, actuator dynamics of some parts of the robot such as legs or arms. One good ex-
ample of this method is the Linear Inverted Pendulum model [38, 37, 40]. In this model,
the dynamics of bipedal walking robot is modeled as one point mass attached to the tip
of the inverted pendulum. The dynamics of arms and legs are ignored in this model.
The mathematical representation of this dynamic model is very simple and it is easy and
straightforward to find analytical solution for the dynamic equation. The advantage of
this model is that analytical solution can be obtained easily and this solution is a general
solution applicable to any state of the robot. However, since this model is too simple, it
may not be easy to control the robot to follow the desired reference trajectory generated
using this approach if the difference between this model and the actual physical robot is

too big.

In view of the above analysis, the Model-based approach would be an excellent and
promising approach if one could find a simple dynamic model yet be able to take into
account (directly or indirectly) more complete dynamic behaviors. If such a model is
available then the gait planning task is simple and straightforward. Moreover, various
dynamic behaviors can be derived and implemented easily based on this model. There-

fore, in this thesis, we are strongly interested in finding such a model.
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1.3 Objective and Scope

The objective of this thesis is to construct a comprehensive and effective method of
walking gait synthesis for bipedal robot. The walking gait obtained by the proposed
method must allow the robot to achieve a stable 3D dynamic walking and fulfill the

following walking requirements:

e It should be applicable for real-time implementation. e It should be applicable to
bipeds of different mass and length parameters. e It should be able to compensate for

large external disturbances.

The scope of this thesis is restricted to bipedal walking on level ground along a straight
path. The external disturbance caused by the unevenness of the terrain will not be con-
sidered. Instead, an external force is applied on the robot’s body to test the effectiveness

and robustness of the algorithm.

1.4 Approach

This section briefly explains how the motivation presented in the last section can be
realized and implemented. It is desirable to have a dynamic model not too complex so
that analytical solution can be obtained and at the same time not too simple so that some

important dynamics will not be ignored.

In bipedal walking literature, the well known Linear Inverted Pendulum model proposed
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by Kajita et al.[39, 34, 37] is a simple and effective model to describe bipedal walking
motion. The dynamic equation of this model can be solved analytically without using
any linearization technique. This model provides useful dynamic insights which are vital
for planning bipedal walking gaits. However, since the Linear Inverted Pendulum model
is a very simplified model of bipedal walking robot, the desired walking gait generated
using this model may not be easy to realize if the difference between the dynamic model

and the actual robot is significant.

In this thesis, a new model called the Augmented Linear Inverted Pendulum (ALIP) [11]
is proposed. An augmented function F' is added to the dynamic equation of the Linear
Inverted Pendulum. The role of the augmented function is to improve the inverted pen-
dulum dynamics such that the disturbance caused by the un-modeled dynamics (legs
and arms, etc.) is minimized. The augmented function has two key parameters whose
values are changeable. When the key parameters change, the dynamic equation changes
accordingly. Genetic algorithm [17] is used to find the optimal value of the key param-
eters. The objective of our proposed method is to achieve the highest stability margin
for bipedal walking. It is noted that full dynamics of the robot is considered when com-
puting the stability margin during the optimization process. Therefore, it is reasonable
to say that the proposed ALIP model is closer to the actual physical model compared to
the Linear Inverted Pendulum model because dynamics of arms and legs are indirectly

considered through the use of the augmented function.

The proposed ALIP model is applied to plan the offfine walking gait for humanoid robot.

Both 2D and 3D walking are considered. To further enhance stability, the ankle control
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strategy is introduced. In this strategy, the ankle joints are used to adjust the feet angles

to make sure the foot/feet is in full contact with the ground.

The proposed ALIP model is also successfully applied to generate online walking gaits.
In this thesis, the online walking algorithm is based on the centre of mass (COM) ve-
locity information. This is because velocity is one of the most important factors deter-
mining the stability of bipedal walking. Indeed, the magnitude of the COM velocity
would determine how far and how fast the swing leg must swing in order for the robot
to stay balanced and maintain desired walking speed. When the step length is constant,
the higher the walking speed, the smaller the step time (the swing leg must swing faster)
and vice versa. When the step time is constant, the higher the walking speed, the larger
the step length the robot must take to capture balance. To test the effectiveness of the

algorithm, disturbance force is exerted on the robot during the walking process.

1.5 Targeted Biped Robot

This section describes the bipedal robot used to test our proposed method. The robot’s
name is HUBIRO (see Figure 1.1). The robot’s height is 1.7m, total weight 86.59g.
HUBIRO has a total of 28 degrees of freedom (DOF) of which 6 DOFs at each leg (Hip
Pitch, Hip Roll, Hip Yaw, Knee Pitch, Ankle Pitch, Ankle Roll), 6 DOFs at each arm,
2 DOFs at the waist and 2 DOFs at the neck. The biped has a rotary angular position
sensor at each DOF. In the simulation model, it is assumed that the robot has a single

axis gyroscope fixed to the body which can provide the body posture information (body
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Figure 1.1: Picture of HUBIRO
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Figure 1.2: Basic dimensions of HUBIRO
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Table 1.1: Specifications of HUBIRO.

Description | Value |
Total Mass 86.59 kg
Body Mass 54.49kg
Thigh Mass 4.69kg
Shank Mass 8.63kg
Foot Mass 2.73kg
Body’s Principle Moment of Inertia

X-axis 0.89kgm?
y-axis 0.46kgm?
z-axis 1.25kgm?
Thigh’s Principle Moment of Inertia

X-axis 0.19kgm?
y-axis 0.02kgm?
z-axis 0.19kgm?
Shank’s Principle Moment of Inertia

X-axis 0.95kgm?
y-axis 0.03kgm?
z-axis 0.95kgm?
Foot’s Principle Moment of Inertia

X-axis 0.02kgm?
y-axis 0.01kgm?
z-axis 0.02kgm?
Hip Spacing 0.23m
Thigh Length 0.42m
Shank Length 0.42m
Ankle Height 0.11m
Foot Length 0.34m
Foot Width 0.144m

pitch, roll, yaw angles). Each foot has four force sensors at the bottom to measure the

ground reaction forces on the robot. The joints of the robot are driven by electrical

brushless DC motors.

The basic dimensions of the robot are shown in Figure 1.2. The specifications of the

robot is presented in Table 1.1.
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1.6 Simulation Tools

In this thesis, two dynamic simulation software are used. The first one is Yobotics
Simulation Construction Set or Yobotics in short (http:www.yobotics.com) developed
by Yobotics Inc. and the second one is Webots developed by Cyberbotics Ltd. Yobotics
is used to simulate 2D walking motion while Webots is used to simulate 3D walking.
The reason for this is because Yobotics supports 2D simulation (Webots doesn’t) and

Webots is better compared to Yobotics in terms of 3D simulation.

1.6.1 Yobotics

The Yobotics Simulation Construction Set is a full-featured software package for easily
and quickly creating simulations of robots, bio-mechanical systems, and mechanical de-
vices. The Simulation Construction Set is easy to use, yet powerful for creating complex
simulations of robotic devices. Arbitrary control can be added to these devices as each

degree of freedom automatically has a simulated actuator associated with it.

The dynamic interaction between the biped and the terrain is established by specifying
four ground contact points (two at the heal and two at the toe) beneath each of the
feet. The ground contacts are modeled using three orthogonal spring-damper pairs. If
a contact point is below the terrain surface, the contact model will be activated and
appropriate contact force will be generated based on the parameters and the correct

deflection of the ground contact model.
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One good point about Yobotics is that it allows user to simulate dynamics in 2D space.
The dynamics is activated on the Sagittal plane and freezed on the Frontal plane. In this
thesis, we will use Yobotics to simulate 2D walking. This is recommendable because
doing simulation in 2D is much simpler compared to 3D simulation yet it still help us to
test the effectiveness of the algorithm. We only move on to 3D simulation when the 2D

one works well as expected. Doing this can save us a lot of time.

1.6.2 Webots

Webots is a professional mobile robot simulation software package. It offers a rapid
prototyping environment, that allows the user to create 3D virtual worlds with physics
properties such as mass, joints, friction coefficients, etc. The user can add simple pas-
sive objects or active objects called mobile robots. These robots can have different

locomotion schemes (wheeled robots, legged robots, or flying robots) [85].

Webots simulation engine uses virtual time, thus making it possible to run a simulation
often much faster than real robots. Webots utilizes the Open Dynamics Engine (ODE),

a powerful tool, to perform accurate physical simulation.

A great advantage of Webots is that it allows users to specify the bounding objects for
collision detection. The contact surface of the foot/feet can be represented by a bounding
box. Therefore, the contact between the foot and the ground is a surface contact, a more

realistic contact compared to the four-point-contact used in Yobotics.

In this thesis, we will use Webots for 3D simulation tasks.
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1.7 Contributions of this PhD thesis

The contributions of this thesis are:
(1) The proposal of a new dynamic model for bipedal walking called the Augmented
Linear Inverted Pendulum (ALIP).

(2) The application of the proposed dynamic model ALIP for generating reference
walking patterns for bipedal robots. The reference walking patterns are applied in

both 2D and 3D walking experiments.

(3) The analysis of the effect of the speed and mass of the swing leg on the stability

of bipedal walking robots