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Abstract

In this thesis a 7 OoF bipedal robot has been simulated, and analyzed its behavior by
varying torso angle to achieve dynamic stability while walking on sloping surfaces.
The revolutionary dynamic stability criteria introduced by Prof. Miomir
Vukobratovic in 1969 has been used throughout the thesis. The dynamically stable
human walking on slopes are very complex and this thesis address this problem by
starting from lower body and in the middle by adding a torso with the intention of
gaining dynamic stability and finishes showing the effectiveness of the variation of

torso angle.

The ZMP formula presented in the paper of Prof. Miomir VVukobratovic is involved
with huge computations and due to that most of the researches in this field have
chosen alternatives such as GA and NN to find the ZMP. Although it is convenient to
use GA and NN to avoid mathematical calculation the accuracy of resultant ZMP is
questionable. The original ZMP equation has been used extensively in all cases to

calculate ZMP in this thesis and rather verifies the accuracy of this concept.

The simulations have been performed to verify the accuracy of the kinematics
models that has been created before moving to the ZMP calculations. The
effectiveness of the variation of torso angle on the dynamic stability of the bipedal
robot has been analyzed by varying slope angle, step length and step time. It is
indicated using real ZMP calculations the bipedal robot can maintain its dynamic

stability while walking on slopes at any circumstances.
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Chapter 1

Introduction

In recent years there has been much interest simulated In Bipedal robotics and legged
locomotion in general. Part of the reason for this interest is the need for robots which can
operate in human oriented environments. However. the biggest challenge is biped walking
like that of @ human being. which was improved over many centuries of evolution. Since
approximately 1980. the research has been more focussed on biped walking.

1.1 Bipedal robot

The human beings and almost all on land living animals use legs for locomotion. However
not many machines were built using legs for movement. The reasons therefore are the
complex design and control. Nevertheless, the main advantage of waking machines is that
i contrast to wheeled robots. they do not need a customized environment. They could be
able o move inan environment that is only accessible by human beings. In theory not only
walking but also running. jumping. climbing or even swimming could be implemented. In
contrast. wheeled machines need a relative planar terrain and enough space to avoid
obstacles. Bipeds use different support areas for carrying their weight and getting grip and
are in the ideal case as fast and tlexible as a human. Using this flexible support on the
eround. a large adaptability is achieved. The legs can also be considered as an individual
suspension system whereby the upper part of the body moves forward on another trajectory
as the feet. Decoupling the legs from the rest of the body allows carrying payload smooth
through a rough terrain. Both types of robots are designed for a specified environment: The
wheeled robots are more efficient on a planar surface whercas walking machines have an
advantage on all other terrains. The operational area of robots, especially with two legs, is
the natural setting of humans. The human body has, because of his anatomy, an
exceptionally maneuverability which is perfect exploited for his locomotion. Thus, he can
adapt Lo a new environment with minimal cffort.

1.2 Basics of bipedal walking

To understand the topic of the biped walking an overview of a human model will be shown.
For the reason that most of the humanoid robots use the human body as paragon, it is
suggestive 1o use the same terminology as for the human anatomy. There are three basic
planes referred to as frontal (or coronal). sagittal and transversal as shown in l'igure 1.1.
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Figure 1.1: Anatomical planes
1.2.1 Gait Phases

Walking is a cyclic movement consisting of two main phases, which alternates on both legs
and illustrated in Figure 1.2 and 1.3.

Double support phase is the phase during which both feet are in touch with ground. In
single support phase only one foot is in touch with ground while other foot is in swinging.

During the double support phase (1), both feet are in contact with the ground. In this phase,
the body has a stable position because of the wide support arca on the ground. The system
enters this state with the heel strike (IV) and exits it with the toe off (I11) movement.

During the single support phase, only one foot is in contact with the floor. In this state, the
centre of mass (COM) of the system rotates like an inverted pendulum above the contact
point. Meanwhile the swing leg moves forward (111) to touch the ground again and enter the
other phase.

[N
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Figure 1.2: Leg positions during one half cycle

The Figure 1.2 show the four leg positions during one half cycle while walking. The
complete walking cycle illustrated in Figure 1.3. The right leg and left leg is going through
the same sequence alternately and this repeats while walking.

11

111

Figure 1.3: The cyclic phase rotation of bipedal walking
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1.2.2 Static and. Dynamic Walking

Walking can be divided into two main groups: walking with static balance and walking
with dynamic balance. The Figure 1.4 shows the gait cycle of a bipedal robot.

During a static walk [1] the normal projection of the centre of mass (NPCM) always stays
in between the boundaries defined by the feet. If both feet are on the ground, the NPCM
has to be within the polygon determined by the outer corners of the biped feet. If only one
foot is in contact with the ground. the NPCM has to be within the arca of this foot. While
the movement is slow enough, the system dynamics can be ignored. Static walking assumes
that if the system’s motion is stopped at any time, it will stay in a stable position
indefinitely. However, the speed achieved using static walk is not that high and the
efficiency is far away from the human walking speed.

In contrast. a dynamically or actively balanced walk [2] is not constrained in such a
manner. The COM may leave the support areca formed by the fect for periods of time. This
allows the system to experience tipping moments, which give rise to horizontal acceleration.
However, such periods of time are kept brief and strictly controlled so that the system does
not become unstable. Thus one may think of a dynamically balanced system as onc where
small amounts of controlled instability are introduced in such a way as to maintain the
overall equilibrium. Tipping moments in one direction are negated by tipping moments in
the opposite direction.

S © O G © O
OO © © O O ©

Figure 1.4: A bipedal robot’s gait cycle; the red circles indicate the footprints; the shaded
area is the supporting area: the leg movement is expressed by the arrows

When comparing the two methods of balance, it can be seen that the static method is highly
restrictive and results in movement which is slow. Very rarely do animals and humans
exhibit such behavior for this reason the velocity achievable is very low and the motion is
not efficient. Tlowever, it can sec that by removing the constraining nature of the rule for
static balance that the mobility of the system is increased. This is due to the increased
edibility of the movement of the legs and placement of the feet. The accelerating tipping
moments can be used to achieve higher speeds. move all legs at once or to utilize footholds
which are far apart.

Therefore it can be seen that in order for a bipedal robot to gain efficiency and speed, it will
require dynamic balance.



1.2.3 Zero moment Point

Perhaps the most widely used classical approach to dynamic biped walking arc those
control systems based on the measurement of zero moment point (ZMP) [3][4]. The ZMP
Is @ tool used to measure the dynamic stability of a walking system. In and of itself, the
/MP is not a complete control system. Rather, the ZMP measurement is used by a control
system in the same way that the centre of mass projected onto the ground (GCoM) can be
used for static walking systems. It is used in the offline generation of dynamically stable
walking gaits, and online to predict if a system nceds to take some kind of corrective action
to prevent the loss of its dynamic stability. »

Dynamic stability. as delined by researchers using ZMP walking strategics, has a specific
meaning: In order for a biped walker to be dynamically stable at a particular in time, its
feet must remain motionless with respect to the ground for the entire time that they support
the robot’s weight. If'a robot begins to “tip over” the edge of its support foot. then it is no
longer considered dynamically stablc.

The ZMP is defined as the point within the supporting polygon of a dynamically stable
structure at which a single ground reaction force acts in order to cause the sum of all
moments of active forces on the robotic system to equal zero. The diagram below (Figurce
1.5) shows a representation of a typical robot foot.

I'igure 1.5: Forces and torque acting on a robot foot

Interaction between the foot and the rest of the robot’s structure can be represented by a
single force F5 and torque 7, acting on the foot’s ankle joint. Additional forces working on

the svstem include:



* I the gravitational force acting on the foot. through the foot's centre of mass
e Iy and g the frictional force and torque preventing the foot from sliding or twisting
along the ground. and

e I the ground reaction foree preventing the foot from penetrating the ground surface.

The ZMP definition of a dynamically stable robot requires the foot does not roll or tilt with
respect to the ground during gait execution. This means that to be stable, the resultant of
all the pitch and roll torques acting on the foot must be zero. It is left to the ground
reaction force Fy to cancel out any horizontal components of torque resulting from 7, and
horizontal torque contributions of all other forces. Since the ground reaction force is fixed
in magnitude. the only way it can compensate for varying horizontal torquc is to be applied
at different points on the robot’s supporting polygon. Note that it is possible for a robot’s
foot to slide while still satisfving the ZMP stability criteria.

«---- Supporting polygon - __ +
Figure 1.6: Simplified foot dynamics

In the example depicted by Figure 1.6 above. as the distance d increases, the reactive
torque produced by Fr also increases, such that:

T, :d;k FR (]1)

I a point can be found within the supporting polygon such that the reactive torque T,

applied at this point exactly canccls out all other torques acting on the foot, then this point
is known as the zero moment point, and the robot is dynamically stable. In the example
above. when d coincides with the ZMP, the reactive force Fr will cancel out all other
torques. so if all other forces are known, the location of the ZMP can be calculated:

]
~
—

(1.2)



o I the gravitational force acting on the foot. through the fool’s centre of mass
e Iy and ty the frictional force and torque preventing the foot from sliding or twisting
along the ground. and

* Iy the ground reaction force preventing the foot from penetrating the ground surface.

The ZMP definition of a dynamically stable robot requires the foot does not roll or tilt with
respect to the ground during gait execution. This means that to be stable, the resultant of
all the pitch and roll torques acting on the foot must be zero. It is left to the ground
reaction force Fg to cancel out any horizontal components of torque resulting from 7, and
horizontal torque contributions of all other forces. Since the ground reaction force is fixed
i magnitude. the only way it can compensate for varying horizontal torque is to be applied
avditterent points on the robol’s supporting polygon. Note that it is possible for a robot’s
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Figure 1.6: Simplitied foot dynamics

In the example depicted by Figure 1.6 above. as the distance d increases, the reactive
torque produced by Fy also increases. such that:

T, — d* lr“[{ (1 . l)

Ifa point can be found within the supporting polygon such that the reactive torque T,
applied at this point exactly canccls out all other torques acting on the foot, then this point
is known as the zero moment point, and the robot is dynamically stable. In the example
above, when d coincides with the ZMP, the reactive force Fy will cancel out all other
torques. so if all other forces are known, the location of the ZMP can be calculated:
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(1.2)



[ +(‘]/M;: * [:R =0 ( | 3)

dop = -1,/ Fp (1.4)

move closer to the edge of the foot in order to generate cnough reactive torque to maintain
dynamic stability. Once the ZMP reaches the foot’s edge, the system is only marginally
stable and any further increase in applied torque will cause the system to tip over. So in
dyvnamically balanced systems, the ZMP has the same relationship to the robot’s supporting
polygon as the GCoM docs in statically balanced systems. #As the ZMP moves towards the
border of the robot’s supporting polygon, the robot’s dynamic stability becomes more
marginal.

By definition, the ZMP can never exist outside of the robots supporting polygon. If the
robot is not dynamically stable. then there is no zero moment point. Sometimes it is uscful
10 be able to compare the relative stability of various unstable states. To this end.
rescarchers have extended the ZMP concept to include an imaginary point outside of the
robot’s supporting polygon. where the ground reaction force would have to act if it were to
maintain dynamic stability. This imaginary force is calculated in the same way as the ZMP,
with the constraint to remain within the supporting polygon removed. In order to highlight
the difterence between this imaginary point, and a real ZMP, the terms foot rotation index
(FRT) or fictional zero moment point (FZMP) have been suggested [5]. Since it is
impossible to apply a force to an object without contacting it, while it is outside the robot’s
supporting polygon, the FRI docs not exist and so cannot be measured.  While the FRI lies
within the robot’s supporting polygon, it is equivalent to ZMP and the robot is dynamically
stable. Since the FRI is not always measurable, and mainly applies to systems that have
already lost dynamic stability, it is not very useful for on-line ZMP based control systems.
FRI/EZMP calculations are more usefully applied to off-line gait synthesis tasks.



1.3 Review and Research

There has been much research performed by both universitics and private organizations in
the area of bipedal walking in the past 40 years. It is not possible to outline all the
developments that have been made in a project of this size. Hence brief overview of
bipedal robots will be given. The currently best known examples of the state-of-thc-art in
humanoid robots are the Honda ASIMO [6] and the Sony QRIO [7] and both use ZMP
based control approaches.

The Honda Company in Japan has presented its first two legged robot F0 in 1986.The EO
walked slowly in a straight line. After the introduction of EO other two legged robots El-
E2-E3 as shown in Figure 1.7 has been developed from 1987-1991 10 achieve fast walking.
The 2 robot achieved fast walking at a speed of 1.2 Km/h on flat surfaces.

J
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E3

Figure 1.7: The bipedal robots E0-E3 introduced by Honda from 1986-1991
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The robots E4-1:5-E6 showing in Figure 1.8 presented between 1991-1993 establishing
techniques for stable walking and developed three control techniques.

Figure 1.8: The bipedal robots [4-E6 introduced by IHonda from 1991-1993

After the seven basic models the HONDA Company changed the research direction
towards humanoid robot. The humanoid robots P1, P2, P3 showing in Figure 1.9 were



presented from 1993-1997. P1 is the first Honda prototype of a humanoid robot. This robot
can turn clectrical and computer switches, grab door knobs, pickup and carry things. The
height of P1is 1.915 m and 175 Kg. P2 is a self regulating battery-operated android which
can walk independently, walk up and down the stairs, and push carts. Wireless techniques
were used with & computer torso, motors, battery, wireless radio and other built-in devices.
P2 is 1.82 m tall and 210Kg. P3 changes in component materials and a decentralized
control system which resulted in decrease in height, 1.6m and weight 130 Kg. It has (6
Joints in total. 1t has 30 degrees of freedom; 12 for legs, 14 for arms and 4 for hands. The
maximum walking speed of P3 is 2Km/hr.

P1 P2 P3

Figure 1.9: The humanoid robots P1-P3 presented by Honda from 1993-1997

ASIMO (Advanced Step in Innovative Mobility) was presented in 2001 to the world.(see
Figure 1.10 ). With a weight of 43 Kg, he is much lighter than his predecessors are and that
is one ol the most important advantages.

This robot is the result of about 14 years of research and approximately 10 prototypes.
ASIMO can walk continuously while changing directions, taking every step smooth and
natural. He also has the ability to climb up and down a flight of stairs.



Figure 1.10: The humanoid robot ASIMO

In December 2002 Honda added intelligence technology to ASIMO which is capable of
interpreting the postures and gestures of humans and moving independently in response.
ASIMO’s ability to interact with humans has advanced significantly; it can greet
approaching people, follow them, and move in the direction they indicate, and even
recognize their faces and address them by name. Further, utilizing network such as Internet.
ASIMO can provide information while executing tasks such as reception duties.

Honda debuted a new ASIMO humanoid robot which features the ability to pursue key
tasks in a real-life environment such as an office and an advanced level of physical
capabilities. Compared (o the previous model, the new ASIMO achieves the enhanced
ability to act in sync with people. In addition. the running capability is dramatically
improved. with ASIMO now capable of running at a speed of 6Km/h and of running in a
circular pattern. New ASIMO weights 54Kg and total height is 130cm and normal walking
speed is 2.7Km/h and consists overall 34 degrees of freedom.



QRIO ("Quest for cuRIOsity™. originally named Sony Dream Robot or SDR) in
Figure 1,11 was a bipedal humanoid robot developed and marketed (but never sold) by

Sony Corporation to follow up on the success of its AIBO toy. QRIO stood approximately
0.0 m tall and weighed 7.3 ke.

Figure 1.11: Humanoid robot “QRIO” introduced by Sony

QRIO is capable of voice and face recognition, making it able to remember people as well
as their likes and dislikes. QRIO can run at 23 cm/s, and is credited in Guinness World
Records (2005 edition) as being the first bipedal robot capable of running (which it defines
as moving while both legs are off the ground at the same time). The 4th generation QRIO's
internal battery lasts about | hour. A special feature of QRIO is that it reacts to protect
itsell against an impact. In the event of falling, it gets back up by itself after checking in all
directions.

The Massachusetts Institute of Technology (MIT) [8] was one of the first in developing a
variety ol walking. running or jumping machines. The MIT has come up with several
robots as shown in Figure 1.12. The walking robot Geekbot used to study the smooth
transfer of support from one foot to the other. The robot is designed for motion in the
coronal plane only. The GeekBot consists of two curved feet, actuated ankles and hips, and
a pelvis. The basic behavior is controlled rocking from one foot to the other. This research
has carried out from 1994 to 1995.

Spring Turkey was designed and built by Peter Dilworth and Jerry Pratt in 1994. It has an
actuated hip and knee on each leg. An unactuated boom constrains Spring Turkey’s roll,



yaw, and lateral motion thereby reducing it to a two dimensional robot. Spring Turkey
weighs in at approximately 22 Ibs (10 kg) and stands 2 ft (60 cm) tall.

A new robol. Spring Flamingo. was started after the Spring Turkey. Spring Flamingo
Weighs in approximately 30 Ibs (13.5 kg) and stands 3 ft (90 c¢m) tall. The robot has an
actuated hip. knee. and ankle on each leg. An unactuated boom constrains Spring
Flamingo’s roll, yaw, and lateral motion thereby reducing it to a planar robot.

(a) (b) (c)

Figure 1.12: MIT humanoid robots: ( a ) Spring Flamingo, ( b ) Spring Turkey.
( ¢ )YGeekBot

Many other notable, successful bipeds with stiff legs and large feet exist. ( e.g. HRP-2 [9],
H6 [10], HOAP-2 [11], Johnnie [12], KHR-I [13]) and some are even available

commercially.



1.4 Motivation

Legged locomotion is the most convenient form of locomotion when compared to the other
forms of locomotion due to the ability of negotiating complex terrains. Legged robots can
be used for lot-of practical applications such as emergency fast response [14], mobile
monitoring . inspection and surveillance in hazardous or hostile environments [15,16],
planetary exploration [17], and personal applications, to name a few.

Bipedal robots are especially interesting because humans are two-legged and places meant
to be occupied by humans (such as homes and offices) are designed for two legged
locomotion. g

The HONDA Company has come up with the state of the art humanoid robot ASIMO after
[4 years research with billions of dollars investment. But still there are lots of
improvements are neceded to make bipedal robots commercially viable. In the future the
human labor will become so expensive and there will be lot of demand for the autonomous
labor.

As mobility is a key element in developing autonomous vehicles, legged robots will be of
increasing significance as there is a trend towards more capable autonomous robot
continues. Still there are no practical applications of bipedal robots outside the laboratory
apart from number of entertainment robots.

Although there were hundreds of researches carried out on bipedal robots still there is lot
more to learn about bipedal walking. When going through the literature it is noted that
there are very few researches are carried out on bipedal robots which can walk on sloping
surfaces. Author also noted that the use of original ZMP equation presented by Prof.
Miomir Vukobratovic so much rare and most of the time researches has used artificial
intelligence techniques to test dynamic stability but this surely does not give exact result
but approximated value.

Therefore due to the above rcasons the author has motivated to study about a bipedal
walking on sloping surfaces and testing of its dynamic stability during different
circumstances by calculating its dynamic stability using original ZMP cquation.

1.5 Research Objectives

The aim of this research is the simulation and analyzing of the bipedal robot walking on
sloping surfaces and to verify the ability of maintaining dynamic stability by varying torso
angle. To achicve this objective a bipedal robot consists of seven links having two legs and
a torso has been modeled. The dynamic stability has been tested for the period of swing
phase of the leg using predefined trajectories using the ZMP concept introduced by the Prof.
Miomir Vukobratovic. The original ZMP cquation has been used for the calculation of
7MP at each trajectory point.



1.6 Overview

The structure of this thesis is divided into seven chapters.Chapter 1 reviews past literature
and the current state of rescarch in bipedal robotics.In Chapter 2 the bipedal robot
description and trajectory planning has been discussed.

The chapter 3 discusses the application of kinematics to the bipedal robot and Chapter 4
demonstrates the accuracy of kinematics by simulation.

Chapter 5 shows the calculation method of ZMP and then applies it to the lower body of
the bipedal robot to verify the dynamic stability while walking. Also the effect of adding
torso on dynamic stability is also discussed. g

Chapter 6 discusses the effect of variation of torso angle while bipedal robot walking under
different circumstances. Here several individual cases have been analyzed thoroughly
varying each parameter at a time.

Chapter 7 discusses the conclusions regarding the effectiveness of the torso angle variation
in different circumstances while walking in order to maintain dynamic stability and future
work.



Chapter 2

Bipedal robot description and trajectory planning

2.1 Bipedal robot description

»
>

Direction of Motion

FFigure 2.1: 7 links, 7 Dok bipedal robot

fhe Figure 2.1 shows the schematic of a planer two-legged robot having 7 DoF (two at the
ankles. two at the knees and three at the hip ), which is moving up along a sloping surface.
The robot consists of two ankles, two lower legs, two upper legs and a torso. All the limbs
are assumed to have their lumped masses attached at some specific points on them. The

joints of the robot are assumed to be consisting of rotary joints. The robot movement has
been considered only in sagittal X-Y plane.
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2.2 Trajectory Planning

22.1 Trajectory

A trajectory Is a path with specitied quantities of motion. A trajectory is both a spatial
and temporal representation of motion. It can be specified either in joint space or in
Cartesian space [181.

The various trajectory planning techniques fall into one of the two categories.

L. Joint space techniques
2. Cartesian space techniques

2.2.1.1 Joint space Techniques

This is for the robotic applications involving point to point motion in which motion
planning is donc at the joint level. The joint- space planning schemes generate time
dependent functions (time history) of all joint variables and their tirst two derivatives to
describe the desired motion of the manipulator.

[he important features of joint space trajectory planning are,

e Joint angle locations, velocities and accelerations should be continuous
functions of time so as to ensure smooth motion.

e The joint polynomial function should not be computationally intensive

e Non-smooth trajectories and other similar undesirable effects  are
minimized.

2.2.1.2 Cartesian space Techniques

This is for the robotic applications that require continuous path motion. The Cartesian
space-planning techniques provide time history of the location, velocity, and acceleration

of the end-cffector with respect to the base. The corresponding joint variables and their

derivatives arc computed, using inverse kinematics.



2.2.2 Selection of Trajectories for the Bipedal Robot

2.2.2.1 Trajectory for swing leg

For the swing leg of bipedal robot the Cartesian space is preferred because the foot
wajectory is a predetermined path.

Ihe Figure 2.2 shows bipedal robot with torso. The swing leg joint angles 0,.6, 6;and
stance leg joint angles 0.0, are clearly shown in the diagram. All link lengths and
masses are marked against the respective links. The origin of coordinate frame was
placed at the beginning of the slope and distances x,,x, indicates the initial positions of
wing foot and stance foot while v, indicates the final position of the swing foot. The
upper body consists of a torso and makes an angle @, with the horizontal axis. The swing
fool trajectory and hip trajectory are also indicated.



Here. foot trajectory is assumed to follow cubic polynomial trajectory as shown in
Figure 2.2 and delined as.

V= N X X (2.1)
Where v represents the height of the swing foot (ankle joint) at a distance x from the

starting point and ¢, ¢,.¢,.¢, are the coefficients, whose values are determined using the

following boundary conditions.

sat y=x cosa. V=X Sina. 7 (2.2)
cat y=(xcosa+x,cosa)/2. y=x,sina+L,/2, (2.3)
eal v =(x,cos+x,co8a)/ 2. y=x,sina+L,/2, 4)
sul v =X, COST . v =X, sina (2.5)

Applying the boundary conditions (2.2). (2.3). (2.4) and (2.5) in (2.1) .

YSING = ¢+ ¢X, COST +¢,X] €08 @+ ¢yX, cos’ a (2.0)
yosing = (L, /2) = ¢, +¢,(x, cosa +x, cosa) ! 2+¢,(x, cos a+x,cosa)’ /4 (2.7)
~edx cosa +x, cosa)' /8

xsing +(Ly /2) = ¢ ¢ (x, 008a +x, cosa) 2 +¢, (x; cos @ +x,cosa)’ /4 (28)

+e(x.cosa +x, cosa) /8

YN, F N COSU LY COST o+ eLX, €osT (2.9)
The equations (2.6). (2.7). (2.8) and (2.9) has been solved writing a MATLAB  program
Al and indicated in Appendix A. Using this program another MATLAB program A.2

indicated in Appendix A has been written to calculate the required foot trajectory
coeflicients ¢,.¢;.¢,and ¢, numerically by inputting values forx ,x,.x, @ and L,.

2.2.2.2 Trajectory for hip

The hip trajectory has chosen as a straight line parallel to the slope as shown in Figure
2.2 and detined as .

r=anu) x (2.10)




2.2.2.3 Relationship between swing leg movement and hip movement

There should be a relationship between swing leg movement and hip movement for
continuous walking. In order to maintain cyelic gait the final position of swing leg should
be same as the initial position of the stance leg. After studying the human walking pattern
the following tormula has been formulated.

Hip movement for Single Step (x ) =0.5% Step Length (2.11)

2.2.3 Selection of Joint angle Trajectory for the Bipedal Robot

The selection of a single polynomial for the entire joint path depends on the number of
constrains imposed and the type of motion desired. The minimum number of constrains for
a smooth motion between two points are

(1) Initial position,

(i1) Initial velocity.

(iii) Final position and

(iv) Iinal velocity.

With four constrains, a third-degree polynomial with four coefficients can be used. If in
addition. with two acceleration constrains fifth-degree polynomial can be used. However, if
the degree of polynomial is high (>5), it becomes computationally intensive and it tends to

cause extraneous motion.

To ensure smooth functioning, the variation of joint angles of the bipedal robot is assumed
to follow fifth-order polynomial as shown below:

g =a,+al+a.l’ ta tattad’ (2.12)

Where «,,,a,.a,.a,.a,, and a are the coefficients, whose values are determined using

different values of ¢, at difterent intervals of time inacycle and i =1.2....» joints.
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The assumed velocity variation with time is shown in Figure 2.3.

F 3
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Figure 2.3-Angular velocity variation of the swing leg and stance leg joint angles for half
cyvele duration

The coetficients «,,.a, ¢, .a,.a,, and «, are calculated by referring to the velocity

profife shown is Figure 2.3.
Applying following conditions to the equations 2.12

Att=0 initial angular position
Att=t; final angular position
Att=0 Initial angular velocity
Att=t; final angular velocity
Attt; angular acceleration
AL1=, angular acceleration

G =, Faly vasd, val, +al; (2.13)
gUu)=ua,+ "/1’;} +u13l'z +(1,41j +a,5/§’ (2.14)
G =2t F3a sty Fdat, +5ad, (2.15)
g (1) =2a,t, +3a; +da il +5a (2.16)
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gU)=2a, +6a.0, +12a,; +20a,4; (2.17)

g =20, +6a 0+ 12a,1 + 200,43 (2.18)

L . . . e . ] . -
Solving the six equations mentioned above the coefticients of the 5 degree polynomial of
the respeetive joint angle can be found.

The MATLAB program A.7 indicated in appendix A has been” wrilten to (ind the
coetlicients symbolically,

Then using the output of program A.7 another MATLAB program A.8 has been written (o
caleulate coelficients .« .a,.a . a,, and a . as indicated in appendix A.



Chapter 3

Kinematics of the bipedal Robot

3.1 Kinematics of the Swing Leg

The kinematics ol the Tower body has been studied in order to fand the relationship between
the Cartesian movements and the robot joint angles in order to study robot walking.

3.1.1 Joint angles of Swing Leg

The figure 3.1 shows the swing leg of the bipedal robot.

¥

X

Figure 3.1: Swing leg motion of bipedal robot



The swing leg with link lengths of L. L,and /,and joint angles 0,.0,and 0, moving in
highlighted trajectory is illustrated in the Figure 3.1. The stance leg with link lengths of
L.l and L

foot to the hip is taken as H. The origin of x — y coordinate frame is at the start of the slope.

1s indicated in dotted lines. The distance from the initial position of swing

8

The . .x, distances indicates swing leg initial and final position from the origin and x, is
the initial position of the stance leg. The origin of X —Y coordinate system is placed at the
hip and used as the reference for the swing leg kinematics.

P
The Denavit-Hartenberg ( D-H) [ 18] parameters of the swing leg is shown in Table 3.1.The
0. @1 di1ang 851 have usual Denavit-Hartenberg notation.

Table 3.1: D-H parameters of swing leg

Link a; ai di B,
number | ‘

1 0 0 ' 0 0

2 0 . 0 0,

3 0 L. 0 0,

The inverse kinematics can be applied to the swing leg considering hip as basc. Then the
jointangles #,.6,and @, can be expressed as [19].

8]
—
~—

= tanZ[Sz.('J (
Where.

Co=f N Y =1 =121,

Sy
’W’ 2y . A

O = Adtn 2 — —dtan 2(KN,.K)) (3.2)
Lror i

Where.

N =L +L,C,. K,=L.,S, and

N

;= \;“ KN+ /\’j

By using geometry of the robot.

w
%
e

6. =0, +0, +a (

2
L2




3.1.2 Coordinate conversion

the coordinates of the of the swing foot has been calculated relative to the Hip coordinate
system and the coordinate conversion from the original coordinate system are as follows,
\

N = x-x cosw

4

(8]

— —

b=1l+x sina—y

|9}
N
C—

3.2 Kinematics of the stance Leg .

Kinematics of the stance leg has been studied separately. The Figure 3.2 shows the
movement of robot stance leg.

3.2.1 Joint angles of Stance Leg

The Figure 3.2 shows the stance leg of the bipedal robot. The stance leg is highlighted
indicating the stance leg joint angles 0;and ¢, . The variation of joint angles €,and 6, will

result the movement of the hip along the trajectory which is parallel to the slope.

Hip Trajectory

T
s

ure 3.2: Stance leg motion of bipedal robot




The second leg has been considered separately as a three link scrial manipulator. A
reference coordinate frame located at the foot of the stance foot is considered in deriving
kinematics. The D-H parameters of the stance leg is shown in Table 3.2. The swing leg and
slance feg arc need to be identical in order to walk and the link distances
Ll and 1, =1..

Table 3.2: D-H parameters of stance leg

Link oa a;. di. Qi
| number
; ) I _ k WO 0 a,
1 2 0 L) X
| 3 L0 L 0

Applyving inverse kinematics the joint angles &, and ¢, are found. The respective cquation

for cach joint angle is indicated below.
0. =:1tan Z[SI,C,'Z] (3.0)
Where.

Co=|N Ty L

Soal-

o = dun2(},.X,)— Aan2(K,.K,) (3.7)
Where.

K =1 +1.C,

K.o=1.9,

3.2.2 Coordinate conversion

The coordinates of the end of link 7, (Hip) has been calculated relative to the foot of stance
lee coordinate system and the coordinate conversion from the original coordinate system
are as follows,

A=y —(x, —x))cosa (3.8)

Vo= H —(x, —x))sina + Ay (3.9)



The second leg has been considered separately as a three link serial manipulator. A
reference coordinate frame located at the foot of the stance foot is considered in deriving
kinematics. The D-H parameters of the stance leg is shown in Table 3.2. The swing leg and
stance leg are need to be identical in order to walk and the link distances

<

=1 and /., =1..

Table 3.2: D-H parameters of stance leg

o

Link oa, a. diiy B
number .
__,,,,,A,E - ‘F 0 0 - o,
‘ 2 0 L) .
T“m?” o Y\ 0 Ly 00 0

Applyving inverse kinematics the joint angles €. and 6, are found. The respective equation

for cach joint angle is indicated below.
0. = .1lan Z[S'I,CZ] (3.6)
Where.

Co=|N T4y =L -2,

S =03

0= dtan2(},. X)) - Alan 2K . K,) (3.7)
Where.

No= L +L,C,

K= L.5,

3.2.2 Coordinate conversion

The coordinates of the end of link 7, (Hip) has been calculated relative to the foot of stance
lee coordinate system and the coordinate conversion from the original coordinate system
are as follows,

Ao =x—(x, —x/)cosc (3.8)

Vo= H —(x, —x))sina + Ay (3.9)

2
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Av = (lan o)Ay (3.10)

YT oS (

8]
—

3.3 Calculation of joint angles

3.3.1 Calculation of joint angles of swing leg

Fa
Lhe Tollowing steps are followed to calculate the joint angles 6,.6, .

(1) Coordinates (. y) of the trajectory path points which the swing leg moves
are extracted by finding trajectory coefficients and plotting the trajectory in
MATLAR.

(1) The original coordinates have converled relative to the hip coordinate frame
according to the equations (3.4 Yand ( 3.5 ).

(1i1) The equations ( 3.1 ) and ( 3.2 ) are used to calculate the angles related to
cach trajectory path point using MATLAB programs A.3 and A.4 indicated
in Appendix A.

3.3.2 Calculation of joint angles of stance leg
fhe following steps are followed to calculate joint anglesé..6, .

(1) The hip movement distance has been calculated with equation (2.11 ) and
divided equally to the number of swing leg trajectory path points.

(ii ) The original coordinates have converted relative to the foot coordinate frame
according to the equations ( 3.8 ),(3.9). (3.10)and ( 3.11).

( 1) The equations ( 3.6 ) and ( 3.7 ) are used to calculate the angles related to
cach trajectory path point using MATLLAB programs A.5 and A.6 indicated
in Appendix A.

3.3.3 Modification of joint angles of swing leg to compensate hip
movement

The joint angles of the swing leg has been calculated in section 3.1.1 assuming the hip is
stationary but with the movement of the hip along with stance leg in order to move the
swine foot in the same trajectory the hip movement need to be considered in joint angle
caleulutions. Therefore the joint angles caleulated considering only the motion of the swing
lew in section 3.1.2 need to be recalculated to compensate for the hip movement.



207

the Figure 3.3 indicates the hip movement along a trajectory parallel to the slope. The
horizontal distance the hip moved along x -axis is taken as Ay and the vertical movement
along 1 -axis is taken as Ay . The coordinates { X.}Y)used to calculate swing leg joint
angles need o recaleulate considering the movement of hip making modifications to the
cquations (3.4) and (3.3).

I'igure 3.3: The motions of swing leg and stance leg
te o

lhe modified equations (3.4) and (3.5) to find the (X.Y)coordinates of the trajectory path

considering hip movement are as follows.

V= (x -y cosa) — Ax

P+ x sina — v) + Ay (3.13)
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Chapter 4

Simulation of the bipedal Robot

Simulation of the bipedal robot has been carried out with the results from the previous
chapter. The bipedal robot walking on 5 degree slope has been simulated after creating
joint angle data. MATLAB software has been used extensively for the joint angle
calculations. Each trajectory has been plotted and extracted data points such that the
different between two consecutive data points to be minimum in order to get very accurate
result. Fach simulation involves more than hundred data points for each joint angle
variation.

4.1 Simulation Software

The simulation software used in this simulation is “Robo Works “introduced by company
called Newtonium. This software is user friendly and has capability to simulate using data
files [20].

4.2 Simulation of Swing Leg
The MATLLAB programs A.1 and A.2 in Appendix A has been used for the calculation of
the coefticients of the equation 2.1 using the parameters mentioned in table 4.1. The body

parameters of the bipedal robot are taken approximately equal to the human skeleton.

Table 4.1-Parameters for the swing leg simulation

I, L, 460mm X, 100mm
1. L, 480mm X 450mm
Ly L, 180mm X, 800mm

a “ 5" H 700mm

Fhe Toot rajectory after the calculation was.
191.6482+1.1225x-0.0012 x° (4.1)

Ihe Figure 4.1 shows the plot of the calculated trajectory along with the slope.
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Foot trajectory on Sdeg. slope
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Figure 4.1: Foot trajectory at 5 degree slope

The simulation program E.1 written for the simulation of swing leg is indicated in
Appendix 5. The data file has been created in .dat format using the angles 6.6, and
¢ calculated and used in the simulation.

The figure 4.2.4.3. 4.4, 4.5 and 4.6 shows the simulation steps of swing leg simulation.

The figure 4.2 shows the initial position of the swing leg and stance leg. The current data
& o
point shown is zero. The monitor window shows the initial values ot the swing leg joint

angles (.6, and 0, .
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Figure 4.2: Initial pose of the swing leg simulation
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the Figure 4.3 shows the swing leg at 42™ data point and the swing leg joint angles are
visibic e monitor window.
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Fioure 4.3: Swing leg simulation at 42" data point
2 gl1eg p

The Figure 4.4 shows another pose of the swing leg simulation at 163" data point.
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Figure 4.4: Swing leg simulation at 163" data point
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The Fioure 4.5 shows the swing leg at the final data point.
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Figure 4.5: Final pose of the swing leg simulation

fhe lieure 4.6 shows the accuracy of the swing leg simulation by showing all the
movements in a single frame. It can be seen that the foot of the swing leg is following the
rgjectory shown in Figure 4.1. This proves that the accuracy of the joint angle equations.

Figure 4.6: The swing leg following predefined trajectory



4.3 Simulation of Stance Leg

The stance leg simulation has been carried out using the calculated joint angles ¢ and
4 A data file in .dat format has been created using joint angle data in order to simulate the

sance lee in RoboWorks software

Ihe Figure 4.7 shows the initial and final positions of the stance leg. The Figure 4.8 shows
the complete motion and shows correctness of the joint angle calculation because the hip
moves in the hip trajectory planned.
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Figure 4.7: The initial and final positions of the stance leg
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Figure 4.8: The stance leg following the predefined trajectory
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14 Simulation of both legs

The simulation of both legs has been carried out after modification of angles 6, and 0, of

swing ley as indicated in section 3.3.3 and joint angle data of both legs were used to create
datt file in .dat format The Figures from 4.9 to 4.13 shows the different poses of the

simulalion h’om start to end.
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Figure 4.10: Lower body simulation at 33" data point
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Figure 4.13: Lower body following foot and hip trajectory

fhe simulation of lower body has been carried out with 193 data points with cach data
point consisting values of angles 0,.0,,0,.0.and 0, which are calculated using the joint
angle equations derived using inverse kinematics. The Figure 4.9 shows the initial pose of

both legs. The Figure 4.10 and Figure 4.11 shows the simulation poses at 339 and 154"
data points. The Figure 4.12 indicates the final pose of the simulation.

In order to maintain cyclic gait the final position of stance leg should be equal to the initial

position of the swing leg and this is clearly visible when comparing the Figure 4.9 and
Fioure 4.12.

The Figure 4.13 shows the swing foot trajectory and hip trajectory both following the
predefined trajectories as planned in the section 2.2.2.



4.5 Simulation of Lower body and Torso

The simulation has been carried out after adding torso. The hip consists of 3 rotary joints
with two for legs and one for the hip. The angle the torso makes with the horizontal axis is
considered as torso angle.

These simulation windows show how the bipedal will negotiate ascending slope of 5
dearces. The Figures 4.14 to 4.17 shows the different simulation phases which shows the
beginning. intermediate and finishing stages.
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Figure 4.14: Initial position of the bipedal robot
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Figure 4.15: Simulation at 47" data point
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The figure 4.18 shows all the motions of swing leg, stance leg and torso in a single window
W illustrate trajectories of motion. This simulation result verifies the kinematics of the

bipedal robot and validates this application in real environment. This simulation has been
carryout with large data points and hence the swing foot and hip moves in the predefined

rajectory smoothly.

Figure 4.18: The swing leg, hip and torso movement



Chapter 5

Calculation of ZMP and Dynamic Stability

5.1 General ZMP Equation for the bipedal robot

The istance of the ZMP from the ankle joint of the supporting leg of the bipedal robot in
the 1 ection of motion can be determined from the following equation [21].

VN L ormX (Y —g)—m X Y)Y/ Em (Y- g) (5.1)

/ -Moment of Inertia of i" link (kg/m®)

¢ -Angular acceleration of link | (rad/s?)
m -Mass of i link (K g)
v .y, -Coordinate of the ¢ lumped mass

¢ -Acceleration due to gravity (m/s”)
)" -Acceleration of link i in y-direction (m/sz)

A" -Acceleration of link i in x-direction (m/sz)

5.2 Dynamic Stability Margin (DSM) of bipedal robot

I'be tieure 5.1 shows the foot of the stance foot and marked with distance X mp. The
watking becomes dynamic stable if the ZMP falls between the dynamic stability margin of
stance foot.

Fie v namic stability region (DSM) = (x, =L, /2) to (x, + L, /2) (52)



<& »
< »

Dynamic Stability Margin
Figure 5.1-Dynamic stability safe margin

5.3 Application of ZMP Equation for the bipedal robot

The cquation 5.1 can be applied to find the ZMP of bipedal robot in swinging phase at each
trajectory point in order to find dynamic stability while walking.

L

Figure 5.2-Lower body of bipedal robot
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e Freure 5.2 shows the masses, lengths of each link and coordinates of the centre of mass
oreuch fink,

Hore o have identical legs.
ey omy =my. L= L0 L= L

5.3.1 Mass centre coordinates of links

Ihe tollowing equations were formulated considering the motion of4he bipedal robot.

cvcosa +Ax+ 057, cosd, (53)
Coo 05 LsinG, + Lysin(r — (6, +0,)) (54)
o v =051, cos(r — (0, +0,)) (5.5)

0S5 sin(r — (0, +0,)) (5.6)
Vo vacosa +0.57, cosd, (5.7)

vusing +0.5L,sin 6, (5.8)
Vo= Av+ 051 cos(r — (65 +6,)) + x, cosa (5.9)

SvLsina + Ly sin, + 0.5L, sin(rr = (05 +0,)) (5.10)

5.3.2 Angular accelerations of links

Ihe coctticients of the fifth-order joint angle polynomial found by writing a MATLAB
programs indicated in Appendix A.7 and A.8 indicated in Appendix A to solve six
cqaations indicated in section 2.2.3. This program has been used to find each joint angle
pelvnomial separately.

Iheangular acceleration of joint 7 is given by:

v o) =2a, +06a,1, + 12(:1,4122 +20a,sl§ (5.11)
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3.3 Accelerations of links

vt cach link of bipedal robot and mentioned below. [22]

fLE G =S, —0.5L, 07

b =S (V-9 C =051, 6,

VOV S, = 050,01+ 05)

P S, + 100 Cy + 050,61+ 0,)
oS =05, 0;
—g( —0.51, 0,
A= L0085, - L, 9 Cy=1, 9~ L ()i~2L1 0. 04— gS.,

X

A =0,0.C, =~ L0+ L0+ 1,058, - gC,,

v+ 05005+ 0)

= 0.5L,(0:+64)

'n

3.4 Inertia of links
I1e robot is considered to be made up of slender bars.

Ihe moment of inertia of 7th link 7, =1/12m L;
here m -mass of link i

L, -length of link i

C(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.22)

~o reeursive Newton-Luler formulation has been carried out to find the link accelerations



5.3.5 Building MATLAB program to calculate ZMP

\V MATLAB program A.9 has been formulated to calculate ZMP in X direction combining

the equations indicated in sections 5.3.1. 5.3.2. 5.3.3 and 5.3.4 These MA TLAB programs
tor cach case is indicated in appendix A.

Hhis MATLAB function can be used to caleulate ZMP in X direction at any instant,
5.4 Calculation method of ZMP

[he steps of caleulation of ZMP are indicated below. For all the ZMP calculations the
following method has been followed.
lhe foot has not been considered for the ZMP calculation due to the smaller mass

compared to other links hence its effect on the dynamic stability of robot is assumed to be
neeligible.,

(1) Deciding values for L Ly Ly Ly Ly Lo, H x x,,x,.

(i) Calculation of trajectory cocfficients using the Matlab program A.2.
(11 ) Plotting of trajectory and extracting trajectory coordinates x, y .

(111 ) Calculation of coordinates X.Y using cquations 3.4 and 3.5.

(1v)  Calculation of hip trajectory coordinates Ax . Ay using equations 3.10 and
3.0

(V) Modification of X.Y using equations 3.12 and 3.13.
(vi)  Calculation of joint angle €, using MATLAB program A.3.
(vii ) Calculation of joint angle 6, using MATLAB program A .4,
(viil) Calculation of joint angle @, using MATLAB program A.6.
(ix )  Calculation of joint angle 0, using MATLARB program A.5.
(x) Deciding values for m om,.m, m,.1.1,.1 [,0,.x .

(xi) Caleulation of coelficients of each joint angle trajectory ., a, a,7 u..a
and a ; using MATLAB program A.8.

IS

(xit)  Calculation of ZMP using relevant MATLAB program indicated in
Appendix A using the data calculated in previous steps.



5.5 7ZMP of the Lower body of bipedal robot

/NP values for single step have been calculated using the MATLAB program A.9 using
trajectory data using parameters in Table 5.1,

Step Length (SL) = x, =

Step Time (1) =4, -1,

Table 5.1-Parameters for the calculation of ZMP of lower body
£

: /. T ! 460 mm ! X, 100 mm |
/7// 480 mm : X, 450 mm |
Ly 180 mm N 800 mm
o 5" L H 700 mm |
4 J 9.81m/s” ) I m ., m, 5.0Kg o ’
o v } 350 mm ! m,y ., n, 52 Ke |
T f 5 sec 1, 0 sec
/ ‘ } 1.25 sec l 3.75 sec
I | 5.00 sec SL 700 mm

5.6 ZMP variation of the Lower body of bipedal robot

Ihe ZMP values obtained have been potted and shown in Figure 5.3. The dynamic stability
margin has been calculated according to the equation 5.2.

DSM =360mm to 540mm
ZMP variation of Lowerbody

T T T T T T T

T T
_________________________________ - 3
5001 \ —ZMP
Dynamic stability
400k margin
E
£
£ 300
N
200
100 1 1 | | 1 1 1 L |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (sec)

Figure 5.3-ZMP variation of L.ower body of the bipedal robot
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veeording to the Figure 5.3 Tower body motion is highly unstable during most of the step
e therefore it is evident that lower body alone cannot achieve dynamic stability. !

5.7 Adding Torso

\~ highlighted in section 5.6 it is impossible to achieve dynamic stability alone with lower
body. Therefore.in hoping to gain stability a torso has been added as an upper body. The
ficure 5.4 indicates the bipedal robot with torso.

Figure 5.4-Bipedal robot with Torso

5.7.1 Mass centre coordinates of Torso

the equation derived considering the geometry of the bipedal robot to calculate the mass
centre coordinates ot the torso and as follows,

vLo=x cosa+Ax+0.5L cos(b,) (5.23)
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S+ Ay 050 sin(d,) (5.24)

5.7.2 Angular acceleration of Torso

\neutar acceleration of torso is assumed to be very small compared to the accelerations of
ather links hence it is considered as zero for the ZMP computations.

5.7.3 Acceleration of Torso

&
e recursive Newton-Euler formulation has been carried out to find the Torso acceleration
and mentioned below. [22]

hoeosO = sind, =050, + 6,4 07) (5.25)

SUsing, 4V cos0, +0.5L,(0s+ 0,4 0.) (5.26)

3.8 Defining torso angle

Figure 5.5-1llustration of torso angle
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\s shown in Figure 5.5 the angle €, has been introduced as Torso angle.

Lorso angle (6,)=6, + 0, -0, (5.27)

I order 1o keep @, at fixed value while walking it is necessary to adjust the angle
- accordingly to suppress the variation of €, .

therelore the angle 6, can be calculated using cquation 5.27 at cach data point to calculate

the respective ZMP value at that torso angle.

0. =0, +0, -0, .

5.9 ZMP of the bipedal robot with torso

/NP values for single step have been calculated using the matlab program A.10 in
\ppendix A using trajectory data using data in Table 5.2

. . . . . 0
Hlere torso angle with respective to the horizontal axis, 6, is taken as 10"

Table 5.2- Parameters for the calculation of ZMP of bipedal robot with torso

L1, 460 mm ¥, 100 mm
Ll 480 mm i, 450 mm
il 180 mm a7 800 mm
“ o | > & H 700 mm
Q i 9.81m/s” my,m, 5.0 Kg
N 350 mm m2 s /773 5.2 Kg
T 5 sec l, 0 sec
/ 1.25 sec 1 3.75 sec
‘. - 5.00 sec 6, 10"
- SL 700 mm L, 800 mm
o 35Ke |

5.10 ZMP variation of the bipedal robot with torso

Fhe ZMP values obtained have been plotted and shown below. The dynamic stability
marein has been calculated according to the equation 5.2.

DSM =359mm to 538mm

From the Figure 5.6 it is evident that by adding a torso the bipedal robot has gained
stability for almost 70 % of the step time.
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550 T T

ZMP with Torso

T T J,pr T T
/ ——10 deg
500+ 4
g Dynamic
~ 450} stability Margin 4
o
=
N
400 ’ ~
v
350 i L ¢ | i | i 1 I
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec)

Figure 5.6-ZMP of bipedal robot with Torso

5.11 ZMP of the bipedal robot with different torso angles

ZMP values for single step have been calculated using the MATLAB program A.10 using

trajectory data and using data in Table 5.3.

Here six different torso angles (6, ) are considered.

Table 5.3- Parameters for the calculation of ZMP of bipedal robot with different torso

angles
o L.L, 460 mm X, 100 mm
e 480 mm X, 450 mm
Lo, 180 mm X, 800 mm
N o 5° _ H 700 mm
g 9.81m/s” m,m, 5.0Kg
: X ' 350 mm m,,m, 52 Kg
| T S sec t 0 sec
- '/‘ 1.25 sce & 3.75 sec
- 5,00 sec 0, 107.15".20",257 30" 35
- SL 700 mm L 800 mm
mn 35Kg
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5.12 ZMP variation of the bipedal robot with different torso
angles

Fhe ZMP values obtained have plotted as shown in Figure 5.7. The dynamic stability
margin has been caleulated according to the equation 5.2.

DSM =359mm to 538mm

ZMP variation with Torso angle

550 : — =
—10 deg
500/ |—15 deg, Dynamic _
= stability margin
£
£
< 450 /
o
=
N
400 .
3500 1 2 3 q 5

Time (sec)
Figure 5.7: ZMP variation of bipedal robot with different torso angles

Phe figure 5.7 shows six lines representing ZMP for different torso angles. It is clear
vbserving graph that the bipedal robot can keep dynamic stability by varying torso angle

trom 107-20".
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Chapter 6

Behavioral analysis of bipedal robot

Hie previous chapter shows the capability of gaining dynamic stability of bipedal robot by
adding atorso as upper body and varying torso angle.

In this chapter the effectiveness of gaining dynamic stability by ¢arying torso is further
andlyzed by studying different cases varying single parameter in each case such as slope
anule. step length, step time, etc.

Visothe joint angle variation is analyzed and presented because smooth Joint angle
veration is important to minimize jerks while walking.

b the caleulations in this chapter have been done according to the method indicated in
~etion S

Hhe tull step Tength is considered as 700 mm which is approximately equal to the human
step length when walking.

6.1 Effect of Torso angle on dynamic stability on various slopes

. . . 0 8] 0
Prere bipedal robot walking on three slopes having slope angles 5" ;10" and 15" are
restigated. The data relevant to the ZMP calculation of all slope angles are indicated in
fable 6.1,

table 6.1- Parameters for the calculation of ZMP of bipedal robot at different slopes

| f- L 460 mm X, 100 mm
1o, 480 mm ¥ 450 mm
I, 180 mm \ 800 mm
SL 700 mm H 700 mm
¢ 9.81m/s” m,.m, 5.0Kg
v 350 mm R 5.2 Kg
I 5 sec , 0 sec
/ | 125 sec l, © 3.75sec
/, 5.00 sec L, 800mm
rlin,‘/ 35Kg ' ' J
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0.1.1 Bipedal robot walking on 5" slope

[1e vipedal robot walking on 5 slope is considered. The ZMP calculation has been carried
o tor different torso angles using the MATLAB program A.10 in appendix A and the
/NI values are plotted and shown in Figure 6.1.

DNNE 330 mm 10 33%mm

ZMP variation with Torso angle
550 . - : =

A

Dynamic
stability margin

0 1 2 3 q 5
Time (sec)
Figure 6.1-ZMP variation with torso angle at 5 deg. slope with full step length

vecording to the Fig.6.1 torso angle only need to be vary from 10-35 degrees in order to
sruntain the dynamic stability during its swinging time. There is a greater change in ZMP
catue for torso angle. 1t is also observed when increasing Torso by 57 step ZMP improved
< enificantly. Therefore it is evident that by adding a torso it is possible to maintain the
dvnamic stability by adjusting torso angle accordingly. It is observed for a certain angle the
/NP stays in dynamic stability region more than half of the step time therefore to maintain
JAvnamic stability torso does not need to vary quickly.

ol three cases of slope angle 57.10" and 15" the robot can maintain dynamic stability by

“ving the torso angle therefore this robot can negotiate steep slopes without falling.
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0.1.2 Bipedal robot walking on 10’ slope

e bipedal robot walking on 107 slope is considered. The ZMP calculation has been
carried out for different torso angles using the MATLAB program A.11 in appendix A and
the ZMP values are plotted and shown in Figure 6.2. According to the Figure 6.2 the torso
anule can be varied from 7-35 degrees in 10 degrees ascending slope.

600

550

—~ 500j
E

£ 450
o

=

N 400}

7
—

00
30

350

ZMP Variation with Torso angle

—7 deg

T T

/

—10.deg
—15 deg
=20 deg
=m?5 deg
== 30 deg
35 deg

Dynamic stabilit

margin

1

2 3 4 5
Time (sec)

Fieure 6.2-ZMP variation with torso angle at 10 deg. slope with full step length

6.1.3 Bipedal robot walking on 15" slope

[he ZMP calculation has been carried out for different torso angles using the MATLAB
program A.12 in appendix A and the ZMP values are plotted and shown in Figure 6.3.
According to the Figure 6.3 the torso angle can be varied from 10-35 degrees in 5 degrees
ascending slope.

ZMP variation with Torso angle

i T T T T ]

530 —10d .
510 €9| Dynamic W/ i
490 | 15degl giability margin ~
=—20 deg |

4700 g deg

E 4501 | mm30 deg |
o 430/ | mm35 deg I
N 110 -
390 7
370 / 1
350 ﬁ
330 . | / / & 1 ,
0 1 2 4 5

Time (sec)

[igure 6.3-ZMP variation with torso angle at |5 deg. slope with full step length



6.2 Effect of Torso angle on dynamic stability at different steps

ine bipedal robot walking on 5" ascending slope while varying step Iength is considered
tor the following cases. The data relevant to the ZMP calculation of different steps are

nedicated in Table 6.2.

Laple 0.2- Parameters for the calculation of ZMP of bipedal robot at different steps

j L. 1, 460 mm x, 100 mm
Ly 480 mm m, o 35Kg
Il 180 mm L 800mm

SL. 70()111111.350mmﬁ, 175mm H 700 mm
& 9.81m/s” m,,m, 5.0Kg
v '35"()ml'n.175mm,877"‘5mm 7”“,‘;13_,,;1} 52 Kg
T 5 sec l 0 sec
l 1.25 sec 1, 3.75 scc

7 - 5.00 sec

0.2.1 Walking on full step

I /ZMP calculation has been carried out for different torso angles using the MATLAB
sroaram AL10 in appendix A and the ZMP values are plotted and indicated in Figure 6.4.

ZMP variation with Torso angle

550 : = e
Dynamic ]
stability margin /

3506 - 2 3 4 5
Time (sec)

ZMP (mm)

Figure 6.4-ZMP variation with torso angle at 5 deg. slope with full step length

N
(U'S)
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6.2.2 Walking on half step

- /MP caleulation has been carried out for different torso angles using the MATLAB
oeram ALL3 inappendix A and the ZMP values are plotted and indicated in Figure 6.5.

ZMP variation with Torso angle

T T T

]

350

Dynamic
Stability Margin i

I

300

.E &
= 250F ///
/:
~
200¢ g
150V 1 / | ]
0 0.5 1 15 2 25

Time (sec)
I'igure 6.5-ZMPD variation with torso angle at 5 deg. slope with half step length

6.2.3 Walking on quarter step

lhe ZMP calculation has been carried out for different torso angles using the MATLAB
proeram A.14 in appendix A and the calculated ZMP values are plotted and indicated in

Fieure 6.6.

ZMP variation with torso angle
T T 1 T

250

200
Tog LN RN T e
£ o
o Dynamic
E 150 stability

100

. Time (sec)
Fieure 6.6-ZMP variation with torso angle at 5 deg. slope with quarter step length
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1 above three cases the step length has been varied to find out the behavior of dynamic
tidility of the bipedal robot. Afier observing all three graphs it is observed that the torso
¢ 2l can be incereased in steep slopes while keeping dynamic stability. In Figure 6.6 it can

seen that the torso angle can be increased up to 60 degrees while maintaining the

amie stabtlity. The reason for this is when the bipedal robot is taking smaller steps it is
vy 1o maintain the dynamic stability because ZMP is closer to the dynamic stability
noarein rather than taking large steps.

6.3 Lffect on dynamic stability at different step durations

e /MP calculation has been carried out keeping torso angle at 10 degrees varying step
time. The MATLAB program A.10 in appendix A has been used with data in Table 6.3 and
the ZMP values are plotted and shown in Figure 6.7.

Luble 6.5- Parameters for the calculation of ZMP of bipedal robot at different step times

e ] 460 mm X, 100 mm
fode 480 mm ) o 450 mm
e, 180 mm x, 800 mm
SL 7 700 mm H 700 mm |
e 9.81m/s” m,.m, 5.0Kg 3
v 7 7 350 mm My m; 52 Kg
/ o 8O0mMm m, 35Kg

h Figure 6.7 ZMP variation of this bipedal robot has been tested by varying the time taken
lo swing the leg. It can be seen the robot is very unstable if it walks very slowly. But as
long as it walks tast the ZMP improves. Therefore with this result it is possible to state that
the bipedal robot is capable of fast walking keeping its dynamic balance

ZMP Variation Vs Step Time

700 | l ]
E | 10 sec
650 — 10 sec
600 oy
550 e 5 sac
M e
450+ Py e -
£ 400# ................... ORI margin
e |
~ 350F
o
E 300F
200
150
100+
soF
1) y— [ I r l I
0 100 200 300 400 500 600 o0

Step Length (mm)

Figure 6.7-ZMP variation with torso angle at 5 deg. slope with full step length varying step
time
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6.4 Effect of Torso mass on dynamic stability of robot

[ s section the effect of the dynamic stability of the bipedal robot on varying torso mass
- .nalvzed. Twao different cases at two different torso angles have been analyzed.

i e 6.4- Parameters for the calculation of ZMP of bipedal robot with different masses of

Torso

. 460 mm X, 100 mm
I ‘ 480 mm v, , 450 mm
I, { [80 mm l’ X 800 mm

SL | 700 mm ’ H 700 mm

Q ] 9.8Im/s” ! m,,m, 5.0 Kg
v | 350 mm m,.m, 52Keg |
T 5 sec / 0 sec

) 7/\ .25 sec l 3.75 sec
/ 5.00 sec L, 800mm

6.4.1 Dynamic stability with different masses on torso at torso angle of 10"
I nipedal robot walking on 37 ascending slope with full step has becn considered for this
e The MATLAB program A.10 in appendix A has been used with data in Table 6.4 and

the /NP values are plotted and shown in Figure 6.8.

ZMP Variation with Mass of Torso

550 | pmm 10 Kg

=20 Kg

s00H 2> K9

=30 Kg g

- =35 Kg

E —40 Kg
= 450+ —45 Kg ’

= —50 Kg

N —55Kg

- 60 Kg

w15 Kg

400+ Dynam ic -
stability
margin
350, T
! ! I 1 i 1 1 | |
0 0.5 1 1.5 2 25 3 35 4 45 5

Time (sec)

Fioure 6.8-ZMP variation keeping torso angle at 10 deg. and varying torso mass
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0.4.2 Dynamic stability with different masses on torso at torso angle of

1 ;U

I he bipedal robot walking on 5" ascending slope with full step has been considered for this
case. The MATLAB program A.10 in appendix A has been used with data in Table 6.4 and
the ZMP values are plotted and shown in Figure 6.9

ZMP Variation with Mass of Torso

=10 Kg
=15 Kg
500 === 20 Kg
=25 Kg
=30 Kg
—35Kg
— 40 Kg
—45 Kg
—50Kg
400f{ ~ 55Kg

450n

ZMP (mm)

Dynamic Stability
margin

350

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec)

FFigure 6.9-ZMP variation keeping torso angle at 15 deg. and varying torso mass

I'rom Figure 6.8 it can be seen that by adding torso a weight dynamic stability can be
‘mproved. The Figure 6.9 shows the torso angle at 15 degrees and still it is possible to
nerease the stability by adding more weights to the torso. Also seen that by adding initial
weights 10-35K ¢ the dynamic stability has increased by much wider gap rather than at latter
sleps of weights 35-60 Kg. By observing this behavior it can be noted much improvement
cannot be expected after some marginal weight.

6.5 Effect on length of torso on dynamic stability of robot

Ihe effect of length of torso has on the dynamic stability of the bipedal robot is analyzed in
this section.

['he MATLAB program A.10 in appendix A has been used with data in Table 6.5 and the
/MP values are plotted and shown in Figure 6.10.
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+anle 0.5- Parameters for the calculation of ZMP of bipedal robot with different length of

lorso
L., 460 mm X, 100 mm
I L 480 mm x, 450 mm
Lot : 180 mm \ 800 mm
St ! 700 mm H 700 mm
Q 9.81m/s” m,,m, 5.0Kg
v 350 mm m,,m, 52 Kg
T S sec t - 0 sec
l, 1.25 sec I 3.75 sec
. W ' 5.00 sec a 5"

ZMP variation with Length of Torso

550_ T T T T T T T l/l ]

== 300 mm
400 mm
500r |™=500 mm
=600 mm

Tability

Dynamj

£ ——700 mm “

£ — 800 mm

~ 4501 —
o — 900 mm

=

1000 mm

:
\
\
\
\

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Time (sec)

Figure 6.10-ZMP variation keeping torso angle at 10 deg. and varying torso length
1 igure 6.10 the variation of ZMP can be seen by increasing the length of torso. There is

a ereater increase in dynamic stability margin duc to the increase in torso length. But there
v a practical limitation.

6.6 Effect on weights of lower body on dynamic stability of robot

Ihe effect of length of torso on the dynamic stability of the bipedal robot is analyzed in this
test case. The MATLAB program A.10 in appendix A has been used with data in Table 6.6
and the ZMP values are plotted and shown in Figure 6.11.



Iinle 6.6- Parameters for the calculation of ZMP of bipedal robot with different weights of
lower body

s 460 mm X, 100 mm
) | 480 mm X, 450 mm |
i 180 mm | ¥, 800 mm
SL | 700 mm H 700 mm |
g 9.81m/s” x 350 mm
T 5 sec /, 0 sec
/ 1.25 sec /, 7 3.75 sec
o 5.00 sec 0, 10"

ZMP variation with Masses of L1 & L2

700 T T T T T T T T T “
=—0.5/2.6 Kg
w5/5.2 Kg

600} | ===10/10.4 Kg .
=-—=15/15.6 Kg
=—20/20.8 Kg
—25/26 Kg -
—30/31.2 Kg
- -——35/36.4 Kg

a 40/41.6 Kg

/
—— \oynamic stavitty |
300/ margin

| | 1 |
2000 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec)

£ 5001

Figure 6.11-ZMP variation keeping torso angle at 10 deg. and varying the weights of lower
body

The Figure 6.11 shows the behavior of ZMP when varying the weights of the legs
1,& I, on slope angle of 5" The graph clearly shows the loss of dynamic stability with

increase of weights of L & L, .



6.7 Behavioral analysis of joint angles

{ . variation of joint angles angular position, angular velocity and angular acceleration are
»oteated in figures 6.8, 6.9, 6.10 and 6.11.
I smooth variation ensures the smooth motion of the bipedal robot.
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I are 6.12: Angular position, Angular velocity and Angular acceleration of joint angle 6,
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~ure 0.13: Angular position. Angular velocity and Angular acceleration of joint angle 6,
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ioure 0.14: Angular position, Angular velocity and Angular acceleration of joint angle 6,
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Cieure 6.15: Angular position, Angular velocity and Angular acceleration of joint angle 0,
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APPENDIX — A : MATLAB programs

Program A.1 : Program to calculate tr ajectory coefficients symbolically

c3 ¢4 25 c6 ¢l L

a2 «37~3*cos (aipha) "3 1 rlrcos)
' ‘alpha; +x27 4

slvha) +x2*cos (alpl

ha;+x3*cc%(‘lpha;/ﬁ2/

Program A.2 : Program to calculate trajectory coefficients numerically

—coe“ficient (x1,x2,x3,alpha, )
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Program A.3 : Program 1o calculate joint angle 0,

Program A.4 : Program (o calculate joint angle 0,

T =output 5(¥,Y,theta?;

s
i 1~"v }

Program A.5 : Program 1o calculate joint angle 0,

Program A.7 : Program (o calculate joint angle trajectory

hetalds

s4al

alxtetaz*te”

rZ*aZ*t5+3*a3’15”2+4*a4*tsA3+5*a5

e+al+2*a2*ter3*aB*teA2+4*a4*te“3+5*a5
“r2*a2+6*aB*tlf12*a4*t1A2+20*a5*t1A3;
,—2fa2%6‘53*t2+12*a4*t2A2+20*a5*t2A3;

, , ,4<,«ﬁ,ai\:solve(eql,eq2,eq3,eq4,eq5,a0

3

coefficients symbolically

PRV TR
hetae,thetacs, o

neta
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Program A.8 @ Program to calculate joint angle trajectory coefficients numerically
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32390 I L2 2% e g N 20t 3r

27Tt
S87E E1N2410% 517
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Program A.9 : Program to calculate ZMP of lower body

Yo
/

netab-thela6));

27L."3+2.90685e-3*t,"4;

2 MEPREZ 1 AR
Eerstrrsmi 81T h A de

2+.04%T . 735

WO 1D BRETIHE. 144 ;
-2.2906e-2"1."3;

LPa2As L2 2 {(gl3.72) LFsin(gd) —g. rcos |
J.rcos{gé)y-Ll.*gl3.72-01 . *gi4d ., "0-

;
;
;
;
;
1 -
1 ;
-y
Fole
P
“ I
IR ':,:‘\ ST Wb Y Ty
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Program A.10 : Program to calculate ZMP at 5 degrees

vl P30 , thetal, tnecal, thelas, thetab, the
P e Al arv, G, X,V

(oh

cos (ol /360 ;

rsini{thecal J4y+T2 . v ci-(thetal-tret:

; .1lxcos(pi/36);
“\jn(LhetaG>+O.5*L1*sin(pi—(theta5+theta6));
.O*Lb~cos {thetab+theta6-theta’);
netab+thetab-theta’) ;
—0.0627t.7340.006%t.°4;

24 0248%2 03,
0.0282%2.7342.90685e-3*t . "4;
20072627440, 03;

o GOk
- FI S ROV J

r

y.rsin{gd) -g. cos{g3+gd; ;

LR 2= R T Ay, RO

5. XL . *g22;
AVWWGHIG AL A
L2 (g2l-q22);
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Program A.11 : Program to calculate ZMP at 10 degrees

,aqli, o

P )
S5, 34, g /

cos{0l/18);
sini{oi/18); 4
: c.1 (pi/18)
g3 +0.57L1~ 51n\p1*
O.3*L5*cos {gqd4+g3-q7);
\q4+q*—”i>;
2-0.0688*t."3+6.
tYLL M 24+2.06e-2% . " 3;
3*C."346.8065e-4*t . "4;
24207226 3*t ~3;
A3f7e—3*t
.Be-2*1,

TCCs

(G&+g3y) ) ;

- 5e-3*t."4;
TTFL-0.206

. 742*+.A2— 29
x>—5.0306n0 ”A86*L 2.16e
=L 30D4FT40.2439% L 2=
I 1 TR 1

4+, 48
At O

59~t."2-0C

o A
oS | \14/

rsin{gd)
*qli-g.

+ ’\/} q/ L Sl

\

qlérql7) . ~2;
qzé*q2 ) :

/ol

VAWT LTy

20,

qla.

.*cos (a3+ad)

~o_

L2, 15, M4, T, o



Program A.12 : Program to calculate ZMP at 15 degrees

Ti,sx,sy,ql,q2,q3,q4,;7,q17,q27,m1,m2,m? mé,mo, g

=" L
= Lh2=T.4072e-4%t "3,
fi=— L.73+6.5e-3%t."4;
== 2. 6e=2%10, " 3;
== .0 L 3+41.9895¢e-3*%1 74 ;
- +7.958e-3*+ . ~3;
* Ll.*q24+L2.*<q13.A2>.*Sin(q4)—g.*cos(q3+q4};

'2.*%cos{g4)-L1.%ql3,"2-L1.*qld. "2-

Tl TR A

VoL

JAOLE UL gl ;
;,3.*L2.*(q11rq12).“2;

’3QA1(qJQ»+(rrfq). 48
s {ai 4, v sir

LZ.~{g2l+qr2);

B
g
>

=
[N

o]
SCRNENEEN
aN

=1 DN D

S = W W
t

|

il

Q

T o
Ea QA

). *L1;
.*Sii(q7)—0.5.*LS.*(q134ql4+ql7).A2;
(a73+6.5

tEin{al)+ Ces{a/i+U. 5. " Lo ¥ (G23+a24+q27) ;
{ 1T.oxa. ~vl;
(c Y23
. ( PV 3
-4 (x ). *vd;
= DL RS LY S,
g
C-agl
Sy

B ¢ b ‘
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Program A.13 : Program to calculate ZMP at half step

K A
5-.00

L0257 3;
224874 "3+, 1185% 04 ;
L2474 03,
CFOZAHL2 0 F (gl3. 02
1

cos(gd)-T1.*g

S+

IR ! q 25
2

~2/12;
;
;

; SIS P
_ L ;
3/ COL L Y (al34+alhtqlly L0 0;
. S hE R qR234g244027) ;
Tl . v x *a.ryl;

Sm2 .
CLPYg23+m3 .,
CLrgsdmd L

(f-g)-ms.*e.*y3;
k=gl mmd L x T e vd
STgZlrmb L x5 (ve-g) —m5 . *v5 . xy5;

<

XX kD
W Do .

v

e
[
< S
PR I

A OV R R A S TR
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‘am to calculate ZMP at quarier step

Progi

Program A. 14

i3, rglé-qgLvsir

’

q21+a22)

\

=

2. Yy 3

R SR IS

o

RS NI I 00 BN e

’

\
/

tao
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\PPENDIX - B : Joint angle trajectories
D.1: For walking on 5 degree angle slope at full step length

tngle-thetal

Cs 08177 —0.12037 006787 —0.0155 +0.0012/°
1= =~0.24060 +0.203417 = 0.0621 +0.006/"
o= —0.2406+0.4068/ — 0.186/° +0.024¢° .

tngle-theta?2

¢+ =1.4656-0.0563/" +0.03177 —=0.0073* +5.8137*107"'/°
= =0.11260 +0.095177 —0.02921" +2.90685* 107"

Fo=0025-0.2112/ +0.097217 =1.2906 %107/

lngle-thetas

©=1.277240.062507 — 0033520 +0.0081" — 6.453%10 Y/

¢ =0.125/-0.1056/" +0.03241" —3.2265%10 /"

= 0025-0211204+0.097217 =1.2906%107/°

tngle-theta6

©=1A4281-0.192707 +0.1086/7 —0.0249° +0.002/°

—0.3854/ +0.3258/" = 0.0996¢" +0.01/"
= —0.3854+0.6516/ —0.2988/° + 0.04/°

D.2: For walking on 5 degree angle slope at half step length
tngle-thetal
¢+ = 0.8185-0.32337 +0.344° ~0.147 11" +0.02241°

= —0.64661 +1.032/7 —0.5884¢° +0.112/"
o= —0.6466+2.064r —1.76521° +0.448¢°




lngle-theta?2

0= 1.4639 4 4.6831% 1077 —4.9824% 107 +2.1303*10 71 =3.2396 %1077+

0 =93662% 107 —1.4947 %1077 +8.5212%10 Y = 1.6198*% 107!
0= 03662%107 —2.9894% 107 +2.5563%10 Y7 —6.4792% 107
tngle-thetas

. =1.4520+0.015° —0.0159" +0.0068:" —0.001/°
=003 —0.04777 +0.0272¢7 —0.005¢*

o =0.03-0.09541 +0.0816:7 —0.02¢°
tngle-theta6

)= 1.0775-0.34337 +0.3652/° =0.1562¢* +0.02371°

= —0.68660 +1.09561" —0.6248" +0.1185/°
). =—0.6866+2.19121 — 1 .87441° +0.474;°

D.3 : For walking on 5 degree angle slope at quarter step length

tngle-thetal

0 =0.8070 = 0.5648> +1.2291/% —1.0958" +0.3452¢°
0, =—1.1296/ +3.68731° — 4.3832¢" +1.726¢"
(). =—1.1296 +7.37461 —13.1496/" + 6.9041°

dngle-theta2
0 =1.482240.0277 —0.0425% +0.0364* —=0.01117°
(=004 —0.1275° +0.14561" = 0.0555¢"

0= 0.04—0.255+0.43687 —0.2221°



tngle-thetas

7 =1.4520+0.1099/7 —0.2338° + 0.2/ —0.0608/°
= 02198/ —0.70147 +0.8/° —0.304"

Jo=02198—1.4028 +2.4/7 —1.216°
tngle-thera6

J 10775 - 0.722400 +1.53720° = 1314607 +0.3998/°

o= =1 A48 +4.6116/° —5.25841 +1.999;°
i =—1.4448 +9.2232/ —15.77521" + 7.996¢°

D.4 : For walking on 10 degree slope angle at full step length

tngle-thetal

7 =0.8112-0.1494/* +0.0795° = 0.0172¢* +0.0013¢°
= —0.29881 + 0.2385/" —0.0688/" +6.5%107" /"
o= —0.2988+0.4771 —0.2064:> +2.6%10 "/’

trgle-theta2

7. =1.4709-0.0153" +0.0081/ —0.0018/" +1.3613%107/°

e ==0.03060+0.0243° —7.2%107 " +6.8065%10 "¢

0. =-0.0306+0.0486/ —=2.16%10 " 1" +2.7226*1071°
Angle-thetas

U, =1.4520- 0.6476/3 +0.02531% —0.0055¢* +4.2323%107'¢°

0. =-0.0952/+0.0759" —0.0221* +2.1161%10*/*

0. =-0.0952+0.1518/ — 0.0661" +8.4644 %10/
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Ingle-theta6

= 133780152717 +0.0813/° —0.0176:" +0.0014/°

—0.30541 +0.243917 = 0.0704¢" +7%10 */*
= =0.3054 40,4878 - 0.2112/7 +2.8%107/°

D.5 : For walking on 15 degree slope angle at full step length

\ngle-thetal

- 08088 —0.165/7 +0.0891/  —0.0197¢* +0.0015/°

= =033/ +0.26731" —0.0788" +7.5%10/*

= —0.3340.53460 — 0236417 + 351077

tngle-theta?2

¢ = 14681+ 0.00397 — 0.00217 +4.7204*107 1% =3.7036 %107/
= 785107 =63%107 /7 +1.8881%107% % ~1.8518%10

Fo=T78F10 T 1.26% 10771 +5.6643%107 2 — 7.4072% 10743

lngle-theta$

’

[ 4478~ 0.042477 +0.0229/° —0.0051/% +3.9790% 10 *°

= -0.0848/ +0.0687/7 = 0.020417 +1.9895% 107"

o= =0.0848+0.1374/ = 0.0612/7 +7.958 %107/

{ngle-theta6

1 =1.0744-0.1381/" +0.07461" —0.0165/* ~0.0013/°

Ly

~0.2762/ +0.2238/" - 0.066/* +6.5%107"1*

T

=~0.2762+0.4476/ - 0.198/> +2.6%10 2/’
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APPENDIX — C: Simulation Programs

he Tollowing programs have been created with RoboWorks simulation software. The

programs only display the main components used to build up the pro
although each component is associated with relevant numerical figures.

Program .1 : Simulation program of swing leg

- ™= Roo
- ™= slope
= TRAMSFORMATION STARTL
L ROTATIOML
A TRANSLATIONL
T CUEE
() TRAMSFORMATIORN STORL
- e Leftleg
=3 TRAMSFORMATION STARTLS
A TRAMSLATIONIL
J TRAMSLATION14
CF ROTATIONLT
o TRAMSLATIONZS
[} cvLmoER
A TRAMSLATIOMAE
[ ROTATIOMIG
A TRAMSLATIOMNGT
[ cyumOER
A TRANSLATIONLO0
¥ ROTATIOMSY
T CUBE
) TRAPSFORMATION STORZI
- == Rightleg
[ cCvLINDER
=3 TRAMSFORMATICN STARTGS
o TRAMSLATIONZ:
C¥ ROTATION1ZG
A TRARSLATIONZZE
[ <vLmDER
A TRAMSLATIONZ29
(¥ ROTATIOM1SL
A TRANSLATION254
[ cvurnDER
A TRANSLATIONZTS
CF ROTATION1EL
@) CUEBE

=) TRAMSFORMATION STOREL

gram in print view
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Program .2 - Simulation program of stance leg

- ™= Rioot
- ™= GROUPL
= TRAMSFORMATION STARTL
b TRANSLATIONL
LF ROTATIONL
38 CUEE
() TRANSFORMATION STOPL
- ™= GROUPZ
= TRAMSFORMATION STARTLL
[ cviimper
A+ TRAMSLATIONLS
{0 CUEE
CF ROTATIOMNLZ
f TRAMSLATION20
[ cvuroer
f TRAMSLATION1
LFOROTATIONZE
e TRANSLATION4E

me_— ]
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Program F.3 : Simulation program for simulation of both legs

- = Root
- ™= Slope
= TRAMSFORMATION STARTY
[ ROTATIONGZ
4 TRAMSLATIONL4G
@0 CUEE
=) TRANSFORMATION STORL
- ™= Both Legs
= TRAMSFORMATION START1Z
[ cvUunDER
4 TRAMSLATIONSS
Q0 CUEE
SF ROTATIOM4
F TRAMSLATIONIE
[ CyUnNDER
- TRAMNSLATIOMN2S
CF ROTATIONIS
4 TRAMSLATIONS
[ cvUnDER
= TRAMSLATIONGE
+ TRAMSLATIOMSL
[ cvumDER
4 TRANSLATION114
CF ROTATIONTL
F TRAMELATION141
[ -vunDER
4+ TRAMSLATION1TO
TR ROTATIONGZ
4 TRANSLATION19Y
[ cvunoER
- TRAMSLATION2G0
CF ROTATIOMN109
@ CUBE
=




Program EA4 - Simulation program of bipedal robot lower body with rorso

- -': Root

hll

= S|Dp&

—

= TRAMSFORMATION STARTY
F ROTATIONGZ
 TRAMSLATION14G

T CUBE

) TRAMSFORMATION STORL
oth Legs

= TRANSFORMATION 5TARTLZ
[ cvumper
 TRANSLATIONSS

() CUBE

¥ ROTATIOM4L
 TRAMSLATIONIS

0 cvimper

~ TRANSLATION3S

GF ROTATIOMIS
 TRANSLATIONY

[ cvumoer

“ TRAMSLATIONGS
 TRANSLATIONIL

0 cvimper

= TRAMSFORMATION STARTEL
b TRAMSLATION114

LF ROTATIOMLGL

~ TRAMSLATION32S

0 cvumper

() TRAMSFORMATION STORYS
= TRANSFORMATION STARTEL
b TRAMSLATIONI0

0 cvumper

b TRAMSLATIONZGL

WF ROTATIOMLZT

b TRANSLATIOMZEG

0 cvuriper

F TRANSLATIONZET

fF ROTATION124
o TRAMSLATIONZ00
[ cvimioer

T TRAMSLATIONI2E
 TRARMSLATIONA0G
P ROTATION14S

Q0 CUBE

() TRANSFORMATION STORGL
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