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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 Vukobratovic 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 

.;r 

In rcc~_'tll :ears there has been much interest simulated in bipedal robotics and legged 
locrlmotion in general. Part of the reason for this interest is the need f()r robots which can 
operate in human oriented environments. HmvcvcL the biggest challenge is biped walking 
like that or a human being. which \\as improved over many centuries of evolution. Since 
apprO\imatcly 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 
nut 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 
in contrast to \\heeled robots. they do not need a customized environment. They could be 
:1hlc tu nw\ e in an environment that is only accessible by human beings. In theory not only 
1\Cdkitlg but also running. jumping. climbing or even swimming could be implemented. In 
ultltl'ast. \\heeled machines need a relative planar terrain and enough space to avoid 
oh~tacle:-,. Bipeds usc different support areas for carrying their weight and getting grip and 
are in the ideal case as f~lst and tlexible as a human. Using this tlexible support on the 
ground. a large adaptability is achieved. The legs can also be considered as an individual 
\USpcnsion S) stem where b) the upper part of the body moves forward on another trajectory 
as the ket. Dccoupling the legs f'rom the rest of the body allows carrying payload smooth 
through a rough terrain. Both t) pes or robots arc designed for a specified environment: The 
11heeled robots arc more efficient on a planar surface whereas 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 to a new environment with minimal effort. 

1.2 Basics of bipedal walking 

To understand the topic ofthe biped walking an overview of a human model will be shown. 
lm the reason that most of the humanoid robots use the human body as paragon. it is 
\uggesti\e to 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 Figure 1.1. 



" Transverse 

Frontal 

Sagittal 

Figure 1.1: Anatomical planes 

1.2.1 Gait Phases 

\\a\ king is a C)clic movement consisting of two main phases, which alternates on both legs 
and illustratl'd 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 Coot is in swinging. 

During the double support phase (1). both feet arc in contact with the ground. In this phase. 
the bod: has a stable position because or the wide support area on the ground. The system 
enters this state with the heel strike (IV) and exits it with the toe off (II) 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 (Ill) to touch the ground again and enter the 
other phase. 

2 



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. 

II 

Ri2ht i Left = I 

leo 1 leo 
b I b 

Ill 

IV 

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 
'' ith d) namic balance. The Figure 1.4 shows the gait cycle of a bipedal robot. 

During a static walk r 1J the normal projection of the centre of mass (NPCM) always stays 
in bct\\ccn the boundaries delined 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 area of this foot. While 
the movement is slow enough. the S)'Stcm dvnamics can be irmored. Static walking assumes ._ ., J'-'' ......__ 

that if the system's motion is stopped at any time. it will stay in a stable position 
indclinitcly. I lmvcver. the speed achieved using static walk is not that high and the 
efficiency is t~u· away from the human walking speed. 

In contrast. a dynamically or actively baLmced walk [2] is not constrained in such a 
manner. The COM may leave the support area formed by the feet for periods of time. This 
allov•s the system to experience tipping moments, which give rise to horizontal acceleration. 
llowevcr. 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 one where 
~mall amounts of controlled instability are introduced in such a way as to maintain the 
o\erall equilibrium. Tipping moments in one direction are negated by tipping moments in 
the opposite direction. 

0 ~ 0 0 €) 0 

00 0 0 0 0 E) 

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 

\\hen 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. llowcver. it can sec that by removing the constraining nature of the rule lor 
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 
\\hich are f~u· apart. 

rhcrefore it can be seen that in order tor a bipedal robot to gain efficiency and speed, it will 
require dynamic balance. 
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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 
i\ a tool used to measure the dynamic stability of a walking system. In and of itself, the 
/\1P is not a complete control system. Rather. the ZMP measurement is used by a control 
S) stem 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 
11alking gaits. and online to predict if a system needs to take some kind of corrective action 
to prevent the loss of its dynamic stability. _, 

D:namic stability. as de!ined by researchers using ZMP walking strategies. has a specific 
meaning: In order for a biped walker to be dynamically stable at a particular in time. its 
ICet must remain motionless 11 ith respect to the ground lor the entire time that they support 
the robot"s 11cight. If a robot begins to •·tip over'· the edge of its support foot. then it is no 
longer considered dynamically stable. 

!he 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 (Figure 
1.5) shows a representation of a typical robot foot. 

F."\ 

.. t,_G 
,._ -. -._ ---. ___ ·-- __ t __ A 

T· .- ~· 

tl 

~:,· -' -{··-~:~~- :: _: __ 

'--. 
"--,, --

'·"~ 
~-...... ,,,,_~ 

F- "~-

/_,.. .. · 
ZMP/..--_------· 
/" -· 

/ 

fp 

Figure 1.5: Forces and torque acting on a robot foot 

F, 

Interaction between the foot and the rest of the robot's structure can be represented by a 
single force F11 and torque r 1 acting on the foot's ankle joint. Additional forces working on 
the svstem include: 
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• h,. the gravitational force acting on the foot, through the foofs centre of mass 

• I 1 and t 1 the frictional force and torque preventing the foot from sliding or twisting 
along the ground. and 

• I ,_the ground reaction force preventing the foot from penetrating the ground sud~tce. 

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 FJ{ to cancel out any horizontal components of torque resulting from r ~ and 

hori/ontal torque contributions or all other forces. Since tile ground reaction force is fixed 
in magnitude. the only \\ay it can compensate for varying horizontal torque is to be applied 
at dillcrcnt points on the rohut·s supporting polygon. Note that it is possible for a robot"s 
!(Jot to slide while still satisfying the ZMP stability criteria. 

r. 
}-', 

:....---- d 

·.,.---- Supporting potygon ----- -..· 

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 FR also increases. such that: 

r = d* FR ( 1. 1) 

Ira point can be found within the supporting polygon such that the reactive torque r
11 

applied at this point exactly cancels out all other torques acting on the Coot, then this point 
is knmvn 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: 

r 0 ( 1.2) 
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• h,. the gravitational force acting on the fooL through the foot's centre of mass 
• 1 1 and t1 the fi·ictional force and torque preventing the foot from sliding or t\visting 

along the ground. and 

• l1,. the ground reaction force preventing the foot from penetrating the ground surl~tce. 

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 FR to cancel out any horizontal components of torque resulting from r 

4 
and 

hori/(lfltal torque contributions of all other forces. Since tile ground reaction force is fixed 
in magnitude. the oni.J way it can compensate for varying horizontal torque is to he applied 
~11 dilkrcnt points on the robot's supporting polygon. Note that it is possible for a robot's 
foot to slide while still satisl'ying the ZMP stability criteria. 

r. 
}-', 

~- --- d 

·..,.---- Supporting potygon ----- -...· 

!- igure 1.6: SimpliJied l'oot dynamics 

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

r = d* F1, (I. l) 

If a point can be found within the supporting polygon such that the reactive torque r
11 

applied at this point exactly cancels out all other torques acting on the foot, then this point 
is knO\vn 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 ofthe ZMP can be calculated: 

r r l) ( 1.2) 
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r "' h~ ~ () ( 1.3) 

d/\11' - r ,/ ~R ( I .4) 

As torque transmitted to the foot by the rest of the robot system increases. the ZMP must 
mo\c closer to the edge of the f()ot in order to generate enough 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 
d~namically balanced systems. the ZMP has the same relationship to the robot's supporting 
polygon as the CJCoM docs in statically balanced systems .... As the ZMP moves towards the 
border or the robot's supporting polygon. the robot's dynamic stability becomes more 
marginal. 

8~ definition. the ZMP can never exist outside of the robots supporting polygon. If the 
mbot is not dynamically stable. then there is no zero moment point. Sometimes it is useful 
tu be able to compare the relative stability of various unstable states. To this end. 
researchers 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. 
\\ ith the constraint to remain within the supporting polygon removed. In order to highlight 
the diflerence between this imaginary point. and a real ZMP. the terms foot rotation index 
(FRI) 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 rRI 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/FZMP calculations arc more usefully applied to otT-line gait synthesis tasks. 
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1.3 Review and Research 

There has been much research performed by both universities and private organizations in 
the area or 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-the-art in 
humanoid robots are the Honda ASIMO l6] and the Sony QRIO [7J and both usc ZMP 
based control approaches. 
The llonda Company in Japan has presented its first two legged robot EO in 1986.The 1::0 
\valked slowly in a straight line. After the introduction JVf EO other two legged robots EI­
E2-E3 as shown in Figure 1.7 has been developed from 1987-1991 to achieve t~1st walking. 
The F2 robot achieved fast walking at a speed of 1.2 Km/h on flat surfaces . 

-IL~ 
-l• . • ~ ~F ••.• :p • .:' 

";t~' 
~ !!Ol;. :~ 

• 

EO E1 E2 

Figure 1.7: The bipedal robots EO-E3 introduced by Honda from 1986-1991 

The robots E4-E5-E6 showing in Figure 1.8 presented between 1991-1993 establishing 
techniques for stable walking and developed three control techniques. 

E4 E5 E6 

Figure 1.8: The bipedal robots E4-E6 introduced by Honda from 1991-1993 

Atlcr the seven basic models the HONDA Company changed the research direction 
towards humanoid robot. The humanoid robots PI, P2, P3 showing in Figure 1.9 were 
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presented from 1993-1997. PI is the first Honda prototype of a humanoid robot. This robot 
can turn electrical and computer switches, grab door knobs. pickup and carry things. The 
height of PI is 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 
\\ere used with a computer torso, motors, battery, wireless radio and other built-in devices. 
P2 is 1.82 m tall and 21 OKg. P3 changes in component materials and a decentralized 
control s;. stem which resulted in decrease in height, 1.6m and weight 130 Kg. It has 16 
joints in total. It has 30 degrees of freedom; 12 for legs. 14 for arms and 4 for hands. The 
maximum walking speed of P3 is 2Km/hr. 

" 

} 

.. 

Pl P2 

llj., 

" , 
,"\.~.;. 
l 

-'!Olio"· 

1•, ._ -·--
P3 

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

,\SIMO (Advanced Step in Innovative Mobility) was presented in 200 I 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. 
i\SIMO can walk continuously while changing directions, taking every step smooth and 
natural. He also has the ability to climb up and down a f1ight of stairs. 
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~c -"-
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. 
llonda 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 to 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. 
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()RIO ( .. Quest for cuRIOsity". originally named Sony Dream Robot or SDR) in 
Figure 1.1 I \\as a bipedal humanoid robot developed and marketed (but never sold) b) 
'lun;. ( urptlration to follow up on the success of its AIBO toy. QRIO stood approximate!) 
IJ(J Ill t~lil ~llld \\eighed 7.] kg. 

..--. 

Figure 1.11: Humanoid robot "QRIO'' introduced by Sony 

QRIO is capable or 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 Guinncss World 
Records (2005 edition) as being the first bipedal robot capable of running (which it defines 
a\ tllll\ ing ''hile both legs are ofT the ground at the same time). The 4th generation QRIO's 
imernal batter:-· lasts about I hour. J\ special feature of QRIO is that it reacts to protect 
itsel!against an impact. In the event of falling, it gets back up by itself after checking in all 
directions. 

rhe Massachusetts Institute of Technology (MIT) [8] was one of the tirst in developing a 
\ariet) o! \\alking. running or jumping machines. The MIT has come up with several 
robots as sho\\ n in Figure 1.12. The walking robot Gcckbot used to study the smooth 
transfer of support ti·om one foot to the other. The robot is designed Cor motion in the 
coronal plane only. The CieekBot consists oftwo 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 roiL 
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yaw, and lateral motion thereby reducing it to a two dimensional robot. Spring Turkey 
11eighs in at approximately 22 lbs (I 0 kg) and stands 2ft (60 em) tall. 

\ tlC\\ robot. Spring Flamingo. was started after the Spring Turkey. Spring Flamingo 
Weighs in approximately 30 lbs ( 13.5 kg) and stands 3 ft (90 em) tall. The robot has an 
actuated hip. knee. and ankle on each leg. An unactuated boom constrains Spring 
Flamingo·s roll. ya\\, and lateral motion thereby reducing it to a planar robot. 

t:( ..... ..-

( a ) (b) 

Figure 1.12: MIT humanoid robots: (a) Spring Flamingo, (b) Spring Turkey, 
( c )GeekBot 

( c ) 

Many other notable, successful bipeds with stiff legs and large feet exist. (e.g. HRP-2 [9J, 
1-16 [10], HOAP-2 [11], Johnnie [12], KHR-1 [13]) and some are even available 

commercially. 
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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 ll5.16]. 
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. " 
The HONDA Company has come up with the state of the art humanoid robot ASIMO after 
14 years research with billions of dollars investment. But still there are lots of 
tmprovements are needed 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 arc 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 reasons the author has motivated to study about a bipedal 
\\alking on sloping surfaces and testing of its dynamic stability during different 
circumstances by calculating its dynamic stability using original ZMP equation. 

1.5 Research Objectives 

The aim of this research is the simulation and analyzing of the bipedal robot walking on 
sloping surl"aces and to verify the ability of maintaining dynamic stability by varying torso 
angle. To achieve this objective a bipedal robot consists of seven links having two legs and 
a torso has beer) 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. 
\1iomir Vukobratovic. The original ZMP equation has been used for the calculation of 
7MP at each trajectory point. 

13 



1.6 Overview 

The structure of this thesis is divided into seven chapters. Chapter I reviews past literature 
and the current state of research 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 show~ 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. " 
Chapter 6 discusses the efTect of variation oftorso angle while bipedal robot walking under 
different circumstances. Here several individual cases have been analyzed thoroughly 
\(11') ing each parameter at a time. 
Chapter 7 discusses the conclusions regarding the effectiveness of the torso angle variation 
in different circumstances while vvalking in order to maintain dynamic stability and future 
work. 
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Chapter 2 

Bipedal robot description and trajectory planning 

2.1 Bipedal robot description 

Y II H 

m3 

er 
''~, -

- - I 

Je ' l 

m" 

~,' 

\::==-~-~=~\-=~~:_~--~~ 
~~-----------
1 

" 

Direction of Motion 

----------

X 

Figure 2.1: 7 links, 7 DoF bipedal robot 

!he 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 oftwo 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 
hccn considered only in sagittal X-Y plane. 
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2.2 Trajectory Planning 

2.2.1 Trajectory 

\ lt'aJ~CtUr) j:, ~~ path \\ ith specified quantities of motion. ;\ trajectory is both a spatial 
and temporal representation of motion. It can be specified either in joint space or in 
Cartesian space [I 8 J, 

The various trajectory planning techniques t~dl into one of the two categories. 

I . .I oint space techniques ; 

' Cartesian space techniques 

2.2.1.1 Joint space Techniques 

fhis is for the robotic applications involving point to point motion in which motion 
planning is done 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 ofthe manipulator. 
I he important lcatures ofjoint space trajectory planning are, 

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

• The joint polynomial function should not be computationally intensive 
• !\on-smooth trajectories and other similar undesirable effects are 

minimi/eJ. 

2.2.1.2 Cartesian space Techniques 

!his is for the robotic applications that require continuous path motion. The Cartesian 
~pace-planning techniques provide time history of the location, velocity, and acceleration 
of the end-ciTector with respect to the base. The corresponding joint variables and their 
derivatives arc computed, using inverse kinematics. 
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2.2.2 Selection of Trajectories for the Bipedal Robot 

2.2.2.1 Trajectory for swing leg 

~-,:9r ______ ""' _______ .. 
----\----~ \ 

=---r·-----· \ 
/ 6j HipTr;j~~toty 

6, 

y II H 

L 

i~~~~~~-:_----

11~:~~~~- ~~~-~--~---~ 
k--~ 

I 

Figure 2.2: Swing leg and Hip trajectories 

.; 

X 

lot· the s11 ing leg of bipedal robot the Cartesian space is preferred because the foot 
tr~ljcctor;, is a predetermined path. 

I he Figure 2.2 shows bipedal robot with torso. The swing leg joint angles 01 J)2 f)~ and 

~lance leg joint angles 0,.0(, are clearly shown in the diagram. All link lengths and 

ma~ses are marked against the respective links. The origin of coordinate frame was 
placed at the beginning ol" the slope and distances xl.x2 indicates the initial positions or 

'\\ ing l(lul cl!1d stance root \\ hilc .\"~indicates the final position or the S\\ ing foot. The 

Ltl'JICI bod: consists ol" a torso and makes an angle 01 vvith the horizontal axis. The swing 

loot trajectory and hip trajector) are also indicated. 
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Here. foot trajectory is assumed to follow cubic polynomial trajectory as shown in 
f-igure~-~ and delined as. 

r=c 11 +c,x+c,x· +c,x ( 2.1 ) 

\\here ~ represents the height of the swing foot (ankle joint) at a distance x from the 
starting point and c: 11 • c

1
• c.,. c, are the coefficients. whose values are determined using the 

folkming boundary conditions. 

1atx=x,cosa. y=x1 sina. 

1 at x=(x:cosa+x2 cosa)/2. y = x2 sina + L,/2. 

1 at x = ( x, cos a+ x, cos a) I 2. y = x, sin a+ L, I 2. 

•at x=x,cosa.y=x,sina 

" 

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

( 2.2) 

( 2.3 ) 

( 2.4 ) 

( 2.5 ) 

. ") 1 ; ' x: sm a= c,, + c:1 x 1 
cos a+ c,x1 cos· a+ c,x; cos a ( 2.6) 

x.sinu-,-U,/2)=c:0 +c1(x 1 cosa+x2 cosa)/2+c:2 (x1 cos a+x
2

cosa) 2 /4 (2.7) 

~c,(x 1 cosa +x 2 cosa)' /8 

x,sina+(L,/2)=c0 +c1(x 2 cosa+x3 cosa)/2+c2 (x 2 cos a+x,cosa) 2 /4 C2·8 l 

+c,(x: cosa +x, cosa)' /8 

x '-Ill !I c, -1 c
1
x, cosu -t- c.< cos 2 a+ c,x; cos' a ( 2.9 ) 

The equations (2.6). (2.7). (2.8) and (2.9) has been solved writing a Mi\TLAB program 
A. I and indicated in Appendix A. Using this program another MA TLJ\B program A.2 
indicated in Appendix A has been written to calculate the required foot trajectory 
coet1ic icnts c . c

1
• c, and c, numerically by inputting values for .\·

1
• x,. x, .rt 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 
~.~and detined as . 

_1 ~ ltctllU) .r (2.1 0) 
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2.2.2.3 Relationship between swing leg movement and hip movement 

I here should be a relationship be tv\ cen swing leg movement and hip movement for 
continuous \\a! king. In order to maintain cyclic gait the final position of swing leg should 
be same as the initial position or the stance leg. After studying the human vvalking pattern 
the t(J!io\\ ing formula has been ronnulated. 

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

2.2.3 Selection of Joint angle Trajectory for the Bi~dal Robot 

!'he selection or 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 

(i) Initial position, 
(ii) Initial velocity. 
(iii) Final position and 
(i\ J I ina! velocity. 

\\ ith 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. 

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

q,(l) = a, 11 +a)+ a,,/ 2 + aj' + a,c/
1 + aj

5 ( 2. I 2) 

Where a,
11

,a![,a,,,a,,.a,.., and a,, arc the coefficients, whose values are determined usmg 

different values of (j, at different intervals or time in a cycle and i = 1,2,. ... n joints. 
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The assumed velocity variation with time is shown in figure 2.3. 
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\.\ .... \ 

tl Time 

(seC:I 

figure 2.3-Angular velocity variation of the swing leg and stance leg joint angles for half 
cycle duration 

lhe coefficients a,
11
.u,

1
.a,,.a,,.a, 1 and a,, are calculated by referring to the velocity 

protilc '>hll\\ n is Figure 2.3. 

"\ppl) ing rollowing conditions to the equations 2.12 

At t=O initial angular position 
At t=t; final angular position 
-\t t=O Initial angular velocity 
~~ t=t; final angular velocity 
\t t-t angular acceleration 
At t=t" angular acceleration 

Cf \1" ) = o'" + u ,)t ~~ + u' ,I~~ + ail I~~ + a' 5 I~~ 

I _, -+ ') 
1/ 11,) = o,,1 + a, 1t ~ + u,J, + a,_.J, + a,J, 

if (I, J = 2u, 1/ 11 + 3a,J 1~ + 4aj,; + Sa,,/ 1~ 

_) -. 2 4 1 5 4 
1; (/.) - _o,/1 + _)a,,t, + a, 11, + a,J, 

( 2.13 ) 

( 2.14) 

( 2.15 ) 

( 2.16 ) 
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(j 1!,) = ~u 
1 
+ 6o,,t

1 
+ 12a, 

1
1,= + 20o,,ti ( 2.17 ) 

(j(/i=c2u, +(ntJ= +12o,/ +20a,J~ ( 2.18 ) 

Sol\ lllg the si:-; equations mentioned above the coefficients of the 5t11 degree polynomial of 
the rc~pcctivc joint angle can he found. 

I he \L\TL,\B program i\.7 indicated in appendix A has been" written to lind the 
cotl.licicnh s\ mbolicall\. . . 
Then using the output of program A.7 another MATLAB program i\.8 has been written to 
calculate coerticients ow o,

1 
.u,,. a,,. a,.J and a,, as indicated in appendix A. 
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Chapter 3 

Kinematics of the bipedal Robot 

3.1 Kinematics of the Swing Leg 

!he kinematics of the lov'ver body has been studied in order to fj.nd the relationship between 
the Cartc~ian movements and the robot joint angles in order to study robot walking. 

3.1.1 Joint angles of Swing Leg 

The llgure 3.1 shmvs the svving leg ol"the bipedal robot. 
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Figure 3.!: Svving leg motion of bipedal robot 

X 
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The S\\ ing leg with link lengths of L1. L2 and /",and joint angles 01.02 and 0, moving 111 

highlighted trajectory is illustrated in the Figure 3.1. The stance leg with link lengths of 
L I, and !~" is indicated in dotted lines. The distance from the initial position of swing 

foot to the hip is taken as H. The origin of x- ycoordinate frame is at the start of' the slope. 

The x . .Y; distances indicates swing leg initial and l~nal position from the origin and x 2 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. 

.. 
The Denavit-Hartenberg ( 0-H) [ 18] parameters of the swing leg is shown in Table 3.1.The 
a,. 1 a,~ 1 d,~ 1 and 8,.~ 1 have usual Denavit-Hartenberg notation. 

The inverse kinematics can be applied to the swing leg considering hip as base. Then the 
joint angles r1

1
• fJ, and {1, can be expressed as [ 19]. 

fi = .-1 tan 2[S,. C,] 

\\here. 

c. = I \ • + r 2 
- I~~ - L ~ I 2 r J", I 

c I C., 
,) \' ' 

) - 1 · ,[ } X J 1 · ; I. K. I I - • ldll - . -- - . tcln -( \ '. I ) 
L r r 

\\here. 

f.:
1 

= 1~ 1 + LC'2 , K 
2 

= L,S, and 

r=\1\ -r-K} 

B: using geometry of the robot. 

0 = (} + 0, +a 

( 3.1 ) 

( 3.2 ) 

( 3.3) 
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3.1.2 Coordinate conversion 

I he cuordinates ol'the of the swing Coot has been calculated relative to the Hip coordinate 
')'tcm and the coordinate conversion from the original coordinate system are as follows. 

\ --.\ -- .Y, COSU 

J = II ..,. \ 
1 

-, i n a - _1 • 

3.2 Kinematics of the stance Leg J 

(3.4) 

(3.5 ) 

Kinematics of the stance leg has been studied separately. The Figure 3.2 shows the 
I110\CI11CI1t or 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 615 and er, .The variation ofjoint angles 61

5
and er, will 

rc-,ult the tlHl\ ement or the hir along the trajectory \\hich is parallel to the slope. 
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Figure 3.2: Stance leg motion of bipedal robot 
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The second leg has been considered separately as a three link serial manipulator. !\ 
rcl'crcnce coordinate frame located at the foot of the stance foot is considered in deriving 
kinematics. The D-H parameters ofthe stance leg is shown in Table 3.2. The swing leg and 
'l~lllct· lc~ arc need to he identical in order to walk and the link distances 

I :md I., = !, . 

! 

!able 3.2: D-H parameters of stance leg 

Link a,_, a,_, E4-l 
number 

---+--------~--------~------+-------~ 

0 0 0 (1 
... - - I . -- ---- ---- +--

2 0 : !.,(!.,) 0 e, 
') 

I () I 
/.,(/..) 0 0 _) I i 

Appl) ing inverse kinematics the joint angles 8) and 86 are found. The respective equation 

for each _joint angle is indicated belmv. 

li, = .1 tan 2[.')2 • C '2 ] 

\\here. 

- , -C =I \ - + l:,-- I]- L~ I:?.!J.I 

\ I - C-' . \ ' 

f! = .Jtan2(} 11 .X,)-Atan2(K1,K,) 

\\here. 

f.. = ~~ + lo,CC 

f...=-: L~·. 

3.2.2 Coordinate conversion 

( 3.6) 

( 3. 7 ) 

The coordinates orthe end of link lo.~, (Hip) has been calculated relative to the root of stance 

leg coordinate system and the coordinate conversion from the original coordinate system 
arc as folio\\ s. 

\, c_y-(x,-xl)coscx ( 3.8 ) 

l =lf-(x,-x
1
)sina+6.y ( 3.9) 
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l hl' 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-1-1 parameters ofthe stance leg is shown in Table 3.2. The swing leg and 
stancc il't'- arc need to he identical in order to walk and the link distances 

rand/. = l 

Table 3.2: D-1-1 parameters or stance leg 

Link a, 1 a,_ 1 I 
number . 

. I I 
~~ ! 0 I 0 i 

--- --~- ~- ~--~J-------t 
. 2 • () I !., ( L,) 

~---------+---- I 
l_ _____ 3 I () I I ( 1,1 i 

d,.j ~I 

0 fj(, 

0 f1, 

0 0 

\prJ:. ing inverse kinematics the joint angles ())and ()6 are found. The respective equation 

!c1r each joint angle is indicated belmv. 

1!, = .1 tan 2ls,_. c,_] 

\\here. 

. ·- I \' ~ }' 2 I' L2 
I') I l I ( - . + '' - "I - ' ' - -'1 ., 

\ I C .. . \ - _. 

(! = .1tan2(}u.X 11 )-Atan2(K 1.K2 ) 

\\here. 

1\ = r, + 1/-',_ 
1\. '" I,S. 

3.2.2 Coordinate conversion 

( 3.6) 

( 3.7 ) 

The coordinates ofthe end of link !,_.,(Hip) has been calculated relative to the Coot of stance 

kg coordinate system and the coordinate conversion from the original coordinate system 
arc as f'ollm\s. 

\, =.Y-(x, -x1)cosa ( 3.8 ) 

l = II - ( x~ - x 
1 

) sin a + L\y ( 3.9) 
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-"r = I tan u ):ir ( 3.1 ()) 

\ - \ co:,(,( ( 3.1 l ) 

3.3 Calculation of joint angles 

3.3.1 Calculation of joint angles of swing leg 

"' I he t( 1 II u\\ i ng steps arc fo llov. ed to calculate the joint angles f31• f)c . 

1 i l Coordinates (.Y. y) of the trajectory path points which the swing leg moves 

arc extracted by finding trajectory coefficients and plotting the trajectory in 
VIATLAB. 

1 i i ) I he original coordinates have converted relative to the hip coordinate frame 
according to the equations (3.4) and ( 3.5 ) . 

( iii ) The equations ( 3.1 ) and ( 3.2 ) are used to calculate the angles related to 
each 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 

I he !'o llm\ i ng steps are fo !lowed to calculate joint angles fJ,. f36 . 

1 i l The hip movement distance has been calculated with equation (2.1 I ) and 
divided equally to the number of swing leg trajectory path points. 

1 ii ) The original coordinates have converted relative to the foot coordinate tl·ame 
according to the equations ( 3.8) .( 3.9 ). ( 3.10 ) and ( 3.11 ). 

1 iii ) The equations ( 3.6 ) and ( 3.7 ) are used to calculate the angles related to 
each trajectory path point using MATLAB programs A.S 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 
-;tationar) but with the movement of the hip along with stance leg in order to move the 
'\\ ing !(lOt in the same trajectory the hip movement need to be considered in joint angle 
Ldkulcllion:-;. Therefore the joint angles calculated considering only the motion of the swing 
kg in section 3.1.2 need to be recalculated to compensate for the hip movement. 
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!he hgurc :1.3 indicates the hip movement along a trajectory parallel to the slope. The 

llllri/(llltal distance the hip moved along x -axis is taken as .6.x and the vertical movement 
along .1 -a:-. is is taken as L\y. The coordinates ( ,\:·. Y) used to calculate swing leg joint 

angb need to recalculate considering the movement of hip making modifications to the 
equations (3.4) and (3.5). 
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Figure 3.3: The motions of swing leg and stance leg 

!he modified equations (3.4) and (3.5) to find the (X,Y)coordinates of the trajectory path 

lllll\idct·ing hip movement arc as follows. 

.\ = (.\'- x
1 
cos a)- ,6), (3.12) 

· ( // 1 Y
1 
sin a- y) + L\y (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 vvalking on 5 degree slope has been simulated after creating 
joint angle data. MATLAB solt\\are 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. Lach simulation involves more than hundred data points for each joint angle 
\ ariation. 

4.1 Simulation Software 

The simulation software used in this simulation is '·Robo Works ·'introduced by company 
called ~e\\tonium. This software is user friendly and has capability to simulate using data 
tilt'-; [20[. 

4.2 Simulation of Swing Leg 

The \1/\Tl ~AB programs A.l and A.2 in Appendix A has been used for the calculation of 
the coefficients or the equation 2.1 using the parameters mentioned in table 4.1. The body 
Jxu·ameter:-, of the bipedal robot arc taken approximately equal to the human skeleton. 

Table 4.1-Parameters for the swing leg simulation 

r,. '~~ 460mm x, lOOmm I 
!.,. r, 480mm X, 450mm 
L,. !~~, 180mm x, 800mm 

a i 
su II 700mm 

------

I hl· lllUl trajcctor) after the calculation \\as. 

1 l)J.6482+1.1225x-0.0012x' ( 4.1) 

I he I igurc 4.1 shows the plot of the calculated trajectory along with the slope. 
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Figure 4.1: Foot trajectory at 5 degree slope 

T 
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The simulation program E.l written for the simulation of swing leg is indicated in 
Appendix E. The data file has been created in .dat format using the angles 81 J)2 and 

() calculated and used in the simulation. 

The tlgure 4.2. 4.3. 4.4. 4.5 and 4.6 shows the simulation steps of swing leg simulation. 

The tigure 4.2 shows the initial position ofthe swing leg and stance leg. The current data 
point shown is zero. The monitor window shows the initial values ofthe swing leg joint 

angles (-J
1

• f), and 01 • 

r\'lcn1tcr ~ ~::.,: 

I hgll"'" ri-c· Ti;J<:; 
lhela1 -45 ~~~ 

) < 

: 
< 

. 
'"' . ~ ..,., 

lhd:J.:' 
thet0l3 1 ·:~ s 

File Pla·.er F'oho'.•'.'mh1 C'\ 8 :ss: 

_L1U~~JJJ__QJ •l.!.l 
F'ro;a~1'1e o 

r·wr··,ter•:•ISetf-',:,wd: = 1:'.4 Current Powrl = 0 

~-pee·~ F: ~·e T1rne [1elay lm-::1 

~ _cj ~ 

Figure 4.2: Initial pose of the swing leg simulation 
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I he I ii:'llll' ~.3 shows the Sv\ ing leg at 42"d data point and the swing leg joint angles are 

\ I' I h k' Ill llllllll tor \\ in d 0\\ . 

~,11r; 11rtcr 8 

)
"··· 

'f;,~j 

:,:~,t" ,.,.,,, 
.. 

_,,,.. ~.rrllt:~"";,...£·~";:'~;. 

tf-,et:~3 

.. 

File Player: RoboWork;;1 :--;;-1 8 ~ 

~~- ~!-<4111 ~~Ill pl•l•l 
--~_____j~ -

r lurrrt,~· ul -·,_rrrl 1::.\ F--'ornl" 4:' 

·~ pec::d P 3te: T 111 ,e De',ay lrrr:l 

]1 ::':::! ~ 

Figure 4.3: Swing leg simulation at 42"d data point 

!he f i~ure 4.4 shows another pose of the swing leg simulation at !63th data point. 

File Player: RoboWorksl 

~ 

Figure 4.4: Swing leg simulation at 163rd data point 
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I hl· I igurc -1-.5 shoV\ s the SV\ ing leg at the final data point. 

Mcn1tcr ~ 

~he~.01J 1:.~ 4'~ 

.. 
----=-~4'-'--

File Player. RoboWorksl 

F'ropertlf:::' 

I·~ umber o~ ~,et Po1nl' 1 :=:: .. 1 

Speed Rale 

r-:3 
Q; 

Figure -1-.5: Final pose of the swing leg simulation 

lhl· I igure 4.6 shows the accuracy of the swing leg simulation by showing all the 
lllil\ cments in a single frame. It can be seen that the foot of the swing leg is following the 
tr~1jcclm) shown in Figure 4.1. This proves that the accuracy of the joint angle equations. 

Figure 4.6: The swing leg following predefined trajectory 
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4.3 Simulation of Stance Leg 

The c,tancc leg simulation has been carried out using the calculated joint angles (}, and 

B ... \ Jata file in .dat format has been created using joint angle data in order to simulate the 

stancl' \c~ in RohoWorks software. 

lhc lt~urc -1-.7 shows the initial and tina! positions ofthe stance leg. The Figure 4.8 shows 
the complete motion and shows correctness of the joint angle calculation because the hip 

mo\eo in the hip trajectory planned. 

Propertie-s 

t·~ urnber o~ ~, et F'uu-ot~ = I 94 

Speed Rate 
~ 
I' .-eJ 

.. 

Curr'='nt F',_qrot = 193 

Ttme [Jei.O!y [m:1 

Figure 4.7: The initial and tina! positions ofthe stance leg 

F'ropertte-, 

t·Jumber of ~.et F'otnt:o: = 1 '34 [t_mer-,t F'r_,,r-,t- 1')3 

':·~·eed F:.o.te 

[~ __,_j 

Figure 4.8: The stance leg following the predefined trajectory 
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4A Simulation of both legs 

!he ~imulation of both legs has been carried out after modification of angles fJ1 and 02 of 

s11 ing leg as indicated in section 3.3.3 and joint angle data of both legs were used to create 
date~ Ilk in .dat format The Figures from 4.9 to 4.13 shows the different poses of the 

simulation from start to end. 

I_"' I @l ~ 

I lil-t~ l!J_:'!JJ!J_!!L2.l •I ..._I 
Propert1e::. 

!'lumber o~ Set F'o1nt~"' 1'34 Current F'otnt = 1 

T1rf18 [1el01y lm~J 

Figure 4.9: Initial position of lower body 

I "1, ~-:~tliJJJJ_£] •I ..._I 
F'roper~ 
t·Jumber of Set Potnt.:,"' 1'34 Current F'o1nt = D 

Figure 4.10: Lower body simulation at 33rd data point 

-,-, 
_).) 



•·l~ 1!J~J!Jl!L2J •I ~I 
F'ropert1es: 

t·~ umber of ~. et F'oint~· = 1 '34 

~.peed F: .:Jte 

~ I, _:j 

Current Point = 154 

T1me [lela~~ lm:=:.l 

Figure 4.11: Lower body simulation at !54th data point 

~t~~J!JJlJ_2j •I ~I 
F'ropert1es 

Ht_mtber o~ Set F'o1nt:. 134 

Speed F:ate 

~ I, _:j 

Current F'o1nt = 1 33 

T1me Del.;:,y (rns) 

Figure 4.12: Final position of the lower body 
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1 

" 
lpc=J_I G 1~1 

~_!U~~!!J~ •I ~I 
Propert1es 

Number oi '=· et F'owilc = 194 

Speed Rate 
r:;--::;J 
I' ~ 

Current F'oint = 1 ~3:3 

Time Delay [m::.:} 

L:112 

Figure 4.13: Lower body following foot and hip trajectory 

I he -;imulation of lower body has been carried out vvith 193 data points with each data 
p\lint consisting values of angles ()

1
, ()

2
, ()3 , () 5 and ()6 which are calculated using the joint 

angle equations derived using inverse kinematics. The Figure 4.9 shows the initial pose of 
buth legs. The Figure 4.10 and Figure 4.11 shows the simulation poses at 33rd and 154

111 

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 

I igure -1-. 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. 
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4.5 Simulation of Lower body and Torso 

I he 'lllllllation has been carried out after adding torso. The hip consists of 3 rotary joints 
1111h II\() for legs and one Cor the hip. The angle the torso makes with the horizontal axis is 
con:-.ldc!·cd as torso angle. 
Thc,c :-.imulatiop windows show how the bipedal will negotiate ascending slope of 5 
dcgrl'l'"· The Figures 4.14 to 4.17 shows the different simulation phases which shovvs the 
beginning. intermediate and finishing stages. 

i 

~llJ~__!l!!LQJ •I ~I 
F'ropertre-, 

Hrlmber of ~.et F',Jrtrt~ = 175 Current P(11nl = (I 

Figure 4.14: Initial position of the bipedal robot 

~ llJ~__!j!!J_QJ •I ~I[ 
Pr.:rpertre; 

r·Jurnberot'3eli='cnrds= l_r:rrf::'nr'-'_qrr1=47 

Speed Rat>:" Tm·e["elavlrr"] 

~ ~ 

Figure 4.15: Simulation at 4ih data point 
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1 

The ligurc 4.18 shows all the motions of swing leg, stance leg and torso in a single vv in dow 
to illustrate trajectories of motion. This simulation result verifies the kinematics of the 
bipedal mbot and validates this application in real environment. This simulation has been 
carryout \\ith large data points and hence the swing foot and hip moves in the predefined 
traicctor: smoothly. 

Figure 4.18: The swing leg, hip and torso movement 
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Chapter 5 

Calculation of ZMP and Dynamic Stability 

5.1 ( ;cneral ZMP Equation for the bipedal robot ; 

I il, , i'>ldncc of the ZMP from the ankle joint of the supporting leg of the bipedal robot in 
tlh: .I '-'dion of motion can be determined from the following equation [21 J. 

.\ ~ '
1 
(1, ro, + m,X, (Y,- K)- m, X,~) IL:~~ 1 m, (};-g) 

f. -Mom~nt of Inertia of ith link (kglm2
) 

('' -/\ngular acceleration of link I (radls2
) 

IJ/ -\!lass or i111 link (Kg) 

( ' d' t' h ·th 1 d x . r.- oor mateo t e 1 umpe mass 

~ -i\cceleration due to gravity (mls2
) 

) -/\cceleration of link i in y-direction (mls
2

) 

\ -Acceleration of link i in x-direction (mls
2

) 

5.2 Dynamic Stability Margin (DSM) of bipedal robot 

( 5.1 ) 

II,, ti~urc 5.1 shows the foot of the stance foot and marked with distance XnviP The 
\\,1:\. 111~ becomes dynamic stable if the ZMP falls between the dynamic stability margin of 

'tlllc c !'oot. 

II'.' J) namic stability region (DSM) = ( x 1 - L6 I 2) to (x 1 + Lr, I 2) ( 5.2) 
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\ 
\ ' ---- "t;----

x/MI' 

Dynamic Stability Margin 

Figure 5.1-Dynamic stability safe margin 

; 

S.J Application of ZMP Equation for the bipedal robot 

Th~· ~·quation 5.1 can be applied to find the ZMP of bipedal robot in swinging phase at each 
tra1v~tory point in order to find dynamic stability while walking. 

---~ 

~~ 

::x .. 

y I 
(X:;,J;;) 

t __ _::s ___ -'1': X~ . : ' 

l----------------~ r x . 

\ 
~------"" 

........ ------------------- 1 

X 

Figure 5.2-Lower body of bipedal robot 
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I ~~·I i!lurc 5 . .2 shO\vs the masses. lengths of each link and coordinates ofthe centre of mass 
,, ,·:tch link. 

! !,,~ t(l hm c identical leg~. 

11: 111 1 • m, =m,. L 1 =/" 1 • /"= =L,. 

5.3.1 Mass centre coordinates of links 

I k lclll<ming equations were formulated considering the motion oHhe bipedal robot. 

\' cos (X+ 6.x + 0.5 r! cos el ( 5.3 ) 

\ +0.5/. 1 sin01 +Lsin(.ir-(8
1 
+8

2
)) ( 5.4 ) 

.\ _;_ O.SL, COS(ir- (01 + 0, )) ( 5.5 ) 

• \ + o.sr, sin(ir- (01 + 0, )) ( 5.6) 

- .r.cosa+0.5L,cos8
1
, ( 5. 7 ) 

r, sin a+ 0.5L 2 sin f}r. ( 5.8 ) 

L\x + 0.5L 1 cos(;y- (85 + 81,)) + x
1 
cos a ( 5.9) 

\,'.in a+ L, sin fJ1, + ().SL
1 
sin(;y- (0

5 
+ 0

6
)) ( 5.10) 

5 .. \.2 Angular accelerations of links 

111,· coefficients of the fifth-order joint angle polynomial found by wntmg a MA TLAB 
l't' '!lt·ams indicated in Appendix A.7 and A.8 indicated in Appendix A to solve six 
l'L!~t~ltions indicated in section 2.2.3. This program has been used to find each joint angle 
1'•'1\ twmial separately. 

I h· :mgular acceleration ofjoint i is given by: 

: ) = 2a11 + 6a,J 2 + 12a, 4t ~ + 20a, 5t; (5.11) 
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5 .. '.J Accelerations of links 

l t\.:cursivc Ncv\ ton-Euler formulation has been carried out to find the link accelerations 
u' l ,tell link or bipedal robot and mentioned below. f22l 

··- 1·, ( ·~ + w, - g)S
1 

- o.5L 1 oi' 

= r·, .\1 + (V, - g)C1- 0.5L1 fJ1 

.1 . ; \ c 2 + v Il s 21 - 0. 5 L,_ (f) I + f) 2 ) 
2 

f I:.\', +f't:C +0.5[,({-JJ+Oo) 

g.\,- 0.5L, 0,: 

- g( , \ - 0. 5 I,' ()' 

I ,, = L, 0, S,- L2 f), C4 - /_ 1 f),- L1 0_,- 2L1 fJ, fJ1- gS'~ 4 

c 1 · , , = L, o, C4 - r
1 
e, + L

1 
e 1 + L2 fh S4 - gC,4 

1· 1: + 0.5L1 (fJ,+ fJ1) 

-I~-0.5L 1 (fJ,+fJ1) 

5 .. t-l Inertia of links 

I i ,· r\lhut is considered to be made up of slender bars. 

II,~· moment or inertia of i th link I, =I I 12m, L~ 

here 111 -mass of link i 
I 

I,, -length or link i 

( 5.12 ) 

j 
( 5.13 ) 

( 5.14) 

( 5.15 ) 

( 5. 16 ) 

( 5.17 ) 

( 5.18 ) 

( 5.19 ) 

( 5.20) 

( 5.21 ) 

( 5.22) 
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l 

5.3.5 Building MA TLAB program to calculate ZMP 

\ \IATLAB program A.9 has been formulated to calculate ZMP in X direction combining 
[he '-'lJUations indicated in sections 5.3.1. 5.3.2. 5.3.3 and 5.3.4 These MATLAB programs 
:cltcctch case is indicated in appendix A. 

I hi\ \lA I LAB function can be used to calculate ZMP in X direction at any instant. 

5.4 Calculation method of ZMP 

I he steps of calculation of ZMP are indicated below. lor all the ZMP calculations the 
t(lll(l\\ ing method has been followed. 

! he 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 
ncgligihle. 

( i) Deciding values for L1.L,_,L3 ,L
4
.L

5
,L

6
.a,H,x

1
,xc.x

3
• 

( ii ) Calculation of trajectory coefficients using the Matlab program J\.2. 

( iii ) Plotting oftrajector) and extracting trajectory coordinates x.y. 

( iii ) Calculation of coordinates X.Y using equations 3.4 and 3.5. 

( i\) Calculationofhiptrajectorycoordinates A\.L'lyusingequations3.10and 
3.11. 

( \ ) Modification of X. Y using equations 3.12 and 3.13. 

( vi ) Calculation ofjoint angle 82 using MATLAB program A.3. 

( 'ii ) Calculation ofjoint angle 8
1 

using MATLAB program A.4. 

( \iii ) Calculation ofjoint angle ()r, using MATLAB program A.6. 

( ix ) Calculation ofjoint angle 0, using MATLAB program A.5. 

( x) Deciding values for m1.m,.m,.m
1
.J'.t

0
.1

1
.t,l

1
.} .. -·. 

(xi ) Calculation or coefficients of each joint angle trajectory a,
0

, a,
1

• a,
2

• a,, .a,, 

and o, 5 using MATLAB program J\.8. 

( xii ) Calculation of ZMP using relevant MATLAB program indicated in 
Appendix;\ using the data calculated in previous steps. 
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5.5 ZMP oi· the Lower body of bipedal robot 

/\lf> \alues for single step have been calculated using the MATLAB program A.9 using 
:r~tjcctory data using parameters in Table 5.1. 

'ltcp Length ( SL) = X
1 

- x
1 

'itcp I ime ( T ) =' l1 -/
11 

Table 5.1-Parameters for the calculation ofZMP of lower body 
; 

I I I . I --~ --~)0 llll11 
. ---- ---+---·--- -+-----+-- -~~_x,__1 ~- --l~-- I 00 111111 ~ 

0__ .. ': ___ ±· ___ -1-80 mm \, 4so 111111 1 

I~__ _ ___ 180 mm I x, 800 mm I 

' SIT I . ---------1 
u __ L _______ --~ ---·-----+-- +--- ~--_!::I_ __ -+-- _l{)_O mm _ 1 

I 9.81m/s- m,, m1 5.0 Kg -r () 
~ 

x I 350mm m,,m, 5.2Kg --l 
T --l 5 sec- -- ---+-- ~- - -~ ---0 sec -

-I 

5.6 ZMP variation of the Lower body of bipedal robot 

I he /YIP values obtained have been potted and shown in Figure 5.3. The dynamic stability 
margin has been calculated according to the equation 5.2. 

D'iM =360mm to 540mm 

"E 
E 

500 

400 

Cl.. 
:§:: 300 
N 

200 

ZM P variation of Lowerbody 

~fDynar 
margin 

-ZMP 

-------------c----------- ----------------------------------------------_t--------------------------------------------

IOOL_ __ l_ __ _L __ ~--~---L---~---L--~---L---

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

Figure 5.3-ZMP variation of Lower body ofthe bipedal robot 
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\c,·urding to the Figure 5.3 lov\er body motion is highly unstable during most of the step 
lttlll' thcrci'orc 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 
bud:-. Therefore in hoping to gain stability a torso has been added as an upper body. The 
!ic>urc 5..+ indicates the bipedal robot with torso. 

J 

..l.,~· 

:):~4: .1;4-V 

::.x::: .,, . 

.l' 

I: 
::·x .. ,. \ 

• ..>;; • ~ _:,_:,/ 

.\ ):. ,. . . -~~ \ 
1-~ ~. ----- . -~· \ ------- :r: -f·-~--

t ----- ~--~' 
~---_..,......,----

\, 

X 

Figure 5.4-Bipedal robot with Torso 

='· 7.1 Mass centre coordinates of Torso 

'he equation derived considering the geometry of the bipedal robot to calculate the mass 
, c·ntrc coordinates of the torso and as follows. 

\. =Y1 cosa+Ax+0.5L,cos(81 ) ( 5.23 ) 
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. II T ._\\ T O.':ir, sin( {I; ) ( 5.24) 

5. 7.2 Angular acceleration of Torso 

\11 cclll~lr acceleration of torso is assumed to he very small compared to the accelerations of 
,qiiLT links hence it is considered as zero for the ZMP computations. 

5. 7 .1 Acceleration of Torso 

; 

I i L' recursive Newton-Euler formulation has heen carried out to find the Torso acceleration 
JILl mentioned below. [22] 

I , co:,(}_ -1· 1, sinO, -O.':iL
1
(0, +Br,+O;) ( 5.25 ) 

c I ,, sinO,+ r·~, cosO~ +0.5L
1
(B,+{)

6
+0

7
) ( 5.26) 

5.S Defining torso angle 

H 

.. ,. 

X 

figure 5.5-lllustration oftorso angle 
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\:-, shO\\n in Figure 5.5 the angle 01 has been introduced as Torso angle. 

I ur-.,o angle ( fJ
1 

) -' 0, + 0
1
, -f)_ (5.27) 

Itt order to keep fJ 1 at lixed value while walking it is necessary to adjust the angle 

11 ~1ccordingl_\ to suppress the variation offJ 1 • 

I 11LTel(Jrc the angle f)_ can be calculated using equation 5.27 at each data point to calculate 

till' rl'Spective /MP value at that torso angle. 

(}_ = 0, + 0(, -f)! ; 

5.9 ZMP of the bipedal robot with torso 

/\lP values for single step have been calculated using the matlab program A.l 0 111 

\ppendix A using trajectory data using data in Table 5.2 

I krc torso angle with respective to the horizontal axis. fJ 1 is taken as I 0°. 

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

-~-- - ·-· -- ---

r,. r, ~60 111111 x, 100 mm 
/.( I ~RO mm ' I 450 mm x, 

--------
___ . __ 

1,.1, 180 mm '· 800 mm 
--

(j_ ! 511 ! H 700 mm _____ __,_ 

g 
' 

9.8lm/s~ I ml,m4 5.0 Kg 

.\" 350 ml11 i m2,m, 5.2 Kg 

T 5 sec /o 0 sec 

/t 1.25 sec 1--, 3.75 sec /, --+ 5.00 sec f)r 10° 
________ '__ 

SI~ i 700 mm LJ 800mm 

Ill ! 35Kg ! 
-- ------- - - --+ ·-- --- ~- --

5.10 ZM P variation of the bipedal robot with torso 

I ill· /M P values obtained have been plotted and shown below. The dynamic stability 
%trgin has been calculated according to the equation 5.2. 

I )Si\1 ~ 359mm to 538mm 

I rom the Figure 5.6 it is evident that by adding a torso the bipedal robot has gained 
~t~tbilit) t(Jr almost 70% of the step time. 
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ZMP with Torso 
5501. ----,-----,---~----~----.-----,---~~---,----,---~ 

I 
500~ 

E' i E I 

~450 
c.. 
:2: 
N 

400 

l 

Dynamic 
stability Margin 

; 

-+--10 deg 

350~--~~----L---~L-----L---~L_--~L_--~~--~L_--~L_ __ __ 
0 Q5 1 1.5 2 ~5 3 15 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 MA'rLI\8 program !\.I 0 using 
trajectory data and using data in Table 5.3. 

I !ere six di!Terent torso angles ( 01 ) are considered. 

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

!. 

!. 

!. 

I t 460 mm . . __ , -~---+---
.. !., I 480 mm 
- ·--··----"--- -

. '· i 180 111111 
- ---·---;--- --

(J. , s') 
() 9.81m/s~ to 

X 350 mm 

x, 100 mm 
X, 450 mm 

I x, 800 mm 
H 700 mm 

m1 ,m_1 5.0 Kg 

1117.,1113 5.2 Kg 
1----· 

T 5 sec t() 0 sec 
--·---·--

/I 1.25 sec + I' 3.75 sec 
------ --+-- --·· ------ -· --- -·----

I 011 .15 11 .20(1,25 11 ,3011,3S~ I I 5. 00 sec 01 I 
I 
I 

I 

)L-- ---+--- ---700 mm + L; 800 mm 
--- - ·---- --·------ +-
1_1 1 ___ i 35Kg 
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5.12 ZMP variation of the bipedal robot with different torso 
angles 

lhc /IVIP values obtained have plotted as shown in Figure 5.7. The dynamic stability 
margin has been calculated according to the equation 5.2. 

I)Sfvl =J59mm to 5J8mm 

ZMP variation with Torso an~e 
550 . 

1~-------, 

I -10 deg 

500 ~ -15 deg 
I .-20 deg 

E r~-25 deg E I 

~450 j-30deg 
:a: 1-35 deg 
N 

1 

Dynamic 
stability margin 

2 3 
Time (sec) 

4 

hgure 5.7: ZMP variation of bipedal robot with different torso angles 

5 

l he figure 5.7 shows six lines representing Zrv!P for different torso angles. It is clear 
, d!ser\ ing graph that the bipedal robot can keep dynamic stability by varying torso angle 
lnllll 1 0' 1-.2011

• 
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Chapter 6 

Behavioral analysis of bipedal robot 

Ill previous chapter shows the capability of gaining dynamic stability of bipedal robot by 
,~clcling a torso as upper body and varying torso angle. 
ir1 thi~ chapter the effectiveness of gaining dynamic stability by <'arying torso is further 
,trl,d;. /ed by studying different cases varying single parameter in each case such as slope 
~trlc_~k. step length. step time, etc. 

\ "' the joint angle variation is analyzed and presented because smooth joint angle 
\ ,,, r,tlt\lll i:-, important to minimize jerks while walking. 

the c~liculations in this chapter have been done according to the method indicated in 
< I i1lll .:;_-f. 

I i c lull step length is considered as 700 111111 which is approximately equal to the human 
'ill' length when \Valking. 

6.1 Effect of Torso angle on dynamic stability on various slopes 

I,, tl' bipedal robot walking on three slopes having slope angles 5° ,I Ou and 15° are 
, r '· ec.tigated. The data relevant to the ZMP calculation of all slope angles are indicated in 
i ,rille 6.1. 

1 ,rt1le 6.1- Parameters for the calculation of ZMP of bipedal robot at different slopes 
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L/ 800111111 
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6.1.1 Bipedal robot walking on 5° slope 

II, '1 1pcdal mbot \\alking on 5'' slope is considered. The ZMP calculation has been carried 
1n, 'Ill dilferent torso angles using the MATLAB program A.l 0 in appendix A and the 
/\1 1

' \~!lues are plotted and shovvn in Figure 6.1. 

\)"--' 1 c,.:;,chY\\\1 \.o S3'6Y\I\\\ 

ZMP variation with Torso angle 
550F=======================r===~~==~======~ 

1~-------, 
11-10 deg 

soo~J-15 deg 
, 1-20 deg 

~ \ -25 deg 

~ 450~-30 deg 
2 -35 deg 
N 

400~ 
i 

~/ 

3500 

Dynamic 
stability margin 

1 2 3 
Time (sec) 

4 

I igurc 6.1-ZMP variation with torso angle at 5 deg. slope with full step length 

5 

\, l\lrding to the Pig.6.1 torso angle only need to be vary from I 0-35 degrees in order to 
''ltlntain the dynamic stability during its swinging time. There is a greater change in ZMP 
, .t:lll' !'or torso angle. It is also observed when increasing Torso by 5° step ZMP improved 
· cllilicantly. Therefore it is evident that by adding a torso it is possible to maintain the 
,l\ tElmic stability by adjusting torso angle accordingly. It is observed for a certain angle the 
/\IP stays in dynamic stability region more than halfofthe step time therefore to maintain 
,I, rJamic stability torso does not need to vary quickly. 

til three cases of slope angle 5°.1011 and 15° the robot can maintain dynamic stability by 
\ 111g the torso angle therefore this robot can negotiate steep slopes without falling. 
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o.l.2 Bipedal robot walking on 10° slope 

Ill bipedal robot walking on I 0° slope is considered. The ZMP calculation has been 
lJtticd out for different torso angles using the MATLAB program A. II in appendix A and 
thl· IMP values are plotted and shown in Figure 6.2. According to the Figure 6.2 the torso 
Jtl:>k c~m he varied tl·om 7-35 degrees in 10 degrees ascending slope. 

ZMP Variation with Torso angle 

Goo
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I' ~~ ,1-7 deg . 
I t 

55011-10 deg 
-15 degl 

I 

- 500~-20 degl 
~ 11-25 deg' 
-450 -30 deg 
0.. 
2:: -35 deg 
N 400 .y-

1 

3000 1 

margin 

2 3 4 
Time (sec) 

5 

I igurc 6.2-ZMP variation 'vvith torso angle at I 0 deg. slope with full step length 

6.1.3 Bipedal robot walking on 15° slope 

I he /\1P calculation has been carried out for different torso angles using the MA TLAB 
prugt·cltll .\.12 in appendix !\ and the ZMP values are plotted and shown in Figure 6.3. 
\Lcording to the Figure 6.3 the torso angle can be varied tl·om I 0-35 degrees in 15 degrees 
a-,ccnding slope. 

ZMP variation with Torso angle 
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370. 

! 

350 

3300 1 2 3 4 5 
Time (sec) 

Figure 6.3-ZMP variation with torso angle at 15 deg. slope with full step length 
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6.2 Effect of Torso angle on dynamic stability at different steps 

i t1c· bipedal robot walking on 511 ascending slope while varying step length is considered 
! ll the following cases. The data relevant to the ZMP calculation of eli fTerent steps are 
,, cttc:atcd in Table 6.2. 

ttlk 6.2- Parameters for the calculation of ZMP of bipedal robot at different steps 

,.!." I 460 mm .x
1 

100 mm 

.! 180mm L
1 

800mm 

,.I. ==i 480 mm m, ' 35Kg 

SL 
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700mm.350111111, 175111111 H 700 111111 I 
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1

• m., 5.0 Kg 
----·- ----

.\_ 1 350111111.175mm,87.5111m [ m 2 • m 1 I 5.2 Kg 
g j 

T -- 0 sec 1 5 sec Ia 

1
1 

1.25 sec fo 3.75 sec 

I, j 5.00 sec 

h.2.1 Walking on full step 

1,· IMP calculation has been carried out for different torso angles using the MATLAB 
'I lc:'Tal11 i\.1 0 in appendix A and the ZMP values are plotted and indicated in Figure 6.4. 

ZMP variation with Torso angle 
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Figure 6.4-ZMP variation with torso angle at 5 deg. slope with full step length 
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h.2.2 Walking on half step 

.· /\1!> calculation has been carried out for different torso angles using the MA TLAB 
, c>t:ttli \.11 in appendi'. A and the ZMP values are plotted and indicated in Figure 6.5. 
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.r 

2 2.5 

I igure 6.5-ZMP variation with torso angle at 5 deg. slope with half step length 

6.2.3 Walking on quarter step 

I he IMP calculation has been carried out for different torso angles using the MA TLAB 
program i\.14 in appendix A and the calculated ZMP values are plotted and indicated in 

I igure C1.6. 

0.2 
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--+-55 deg 
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1.2 

figure 6.6-ZMP variation with torso angle at 5 deg. slope with quarter step length 
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1 Jhove three cases the step length has been varied to find out the behavior of dynamic 
I ti~Jiit) or the bipedal robot. Atler observing all three graphs it is observed that the torso 

-'k '-~ttl he increased in steep slopes while keeping dynamic stability. In Figure 6.6 it can 
''-''-'tl thdt the torso angle can be increased up to 60 degrees while maintaining the 

J.tmic c;t,tbilit). The reason for this is v,hen the bipedal robot is taking smaller steps it is 
,._,,, to maintain the dynamic stability because ZMP is closer to the dynamic stability 

tr:2i11 rathcr than taking large steps. 

6.3 Effect on dynamic stability at different step durations 
.. 

I .: I \1 P calculation has been carried out keeping torso angle at I 0 degrees varying step 
lttllL'. The MA TLAB program A.l 0 in appendix A has been used with data in Table 6.3 and 
tl1'-· /f'v1P values are plotted and shown in Figure 6.7. 

! .thk 6 .. 1- Parameters for the calculation of ZMP of bipedal robot at different step times 
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lti I igure 6.7 i':MP variation of this bipedal robot has been tested by varying the time taken 
ttl ~'' ing the leg. It can be seen the robot is very unstable if it walks very slowly. But as 
long a~ it walks fast 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 
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Figure 6.7-ZMP variation with torso angle at 5 deg. slope with full step length varying step 
time 
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6.-1. Effect of Torso mass on dynamic stability of robot 

j, section the effect of the dynamic stability ofthe bipedal robot on varying torso mass 
rHliy/ecl. Two different cases at two different torso angles have been analyzed. 

r '1c 6.4- Parameters for the calculation of ZMP of bipedal robot with di ITerent masses of 
I orso 
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6.-l.l Dynamic stability with different masses on torso at torso angle of I 0° 

ll:l lltpcdal robot \\alking on 511 ascending slope with full step has been considered for this 
CN I ilL' f\1ATI.!\l3 program /\.10 in appendix A has been used with data in Table 6.4 and 
thL· /\IP values are plotted and shmvn in Figure 6.8. 

550rt-10 K 

-15Kg 
-20Kg 
-25Kg 

5ooH_ 30 Kg 

-35Kg 

E f -40 Kg 
..§_ 450 -45 Kg 
a. -so Kg 2 
N -55 Kg 

. 60 Kg 

0 0.5 

ZMP Variation with Mass of Torso 

1.5 2 2.5 3 
Time (sec) 

Dynamic 
stability 
margin 

3.5 4 4.5 

I igure 6.8-ZMP variation keering torso angle at I 0 deg. and varying torso mass 
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h.-l.2 Dynamic stability with different masses on torso at torso angle of 
15° 

I lie bipedal robot walking on 511 ascending slope with full step has been considered for this 
-:ase. The MATLAB program A.l 0 in appendix A has been used with data in Table 6.4 and 
rile /MP values are plotted and shown in Figure 6.9 
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I· igure 6.9~ZMP variation keeping torso angle at 15 de g. and varying torso mass 

5 

I tom Figure 6.8 it can be seen that by adding torso a weight dynamic stability can be 
mprmcd. The Figure 6.9 shovvs the torso angle at 15 degrees and still it is possible to 
t1crcasc the stability by adding more weights to the torso. Also seen that by adding initial 

''eights I 0-3 5 Kg the dynamic stabi I ity has increased by much wider gap rather than at latter 
"lL')lS of \\eights 35-60 Kg. By observing this behavior it can be noted much improvement 
c~ttmot be expected after some marginal weight. 

6.5 Effect on length of torso on dynamic stability of robot 

I he cflcct of length of torso has on the dynamic stability of the bipedal robot is analyzed in 
this section. 
I he MATLAB program A.l 0 in appendix A has been used with data in Table 6.5 and the 
/VIP values are plotted and shown in Figure 6.1 0. 
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...L_ 

· 1IL' (J.)- l)arameters for the calculation of ZMP of bipedal robot with different length of 
lorso 
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I igure 6.1 0-ZMP variation keeping torso angle at I 0 de g. and varying torso length 

5 

lr1 I igut'l: 6.10 the variation of ZMP can be seen by increasing the length of torso. There is 
ct greater increase in dynamic stability margin clue to the increase in torso length. But there 
j, ~~practical limitation. 

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

I he elfect of length of torso on the dynamic stability of the bipedal robot is analyzed in this 
tc~t case. The MA'ILAB program A.l 0 in appendix A has been used with data in Table 6.6 
and the ZMP values are plotted and shown in Figure 6.11. 
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l 

1 I'lL' (J.6- Parameters for the calculation ofZMP of bipedal robot with different weights or 
!ower body 
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fi~urc 6.1 1-ZMP variation keeping torso angle at I 0 deg. and varying the weights of lower 
body 

!he l igure 6.1 I shows the behavior of ZMP when varying the weights of the legs 

!, & Lon slope angle of 5°.The graph clearly shows the loss of dynamic stability with 

increase of weights of L
1 
& L2 . 
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6. ~ Behavioral analysis of joint angles 

'~lriation ofjoint angles angular position. angular velocity and angular acceleration arc 
c~llcd in ligures 6.8. 6.9. 6.10 and 6.11. 
-,mouth variation ensures the smooth motion ofthe bipedal robot. 

08 

()I 

,, 0~, 

~; (1 "! 

() 1 ~' 

1ht"'tcl1 Ari(JLMI; poo,rtrurr IJ'o TrrnP 

r.rne 

0 G I 5 

""02 

-0 04 

{) 05 

0 OCJ 

~ 01 

? -() 12 

< 
D14 

-0 16 

lhPtal-Anqular Ar:{elerCJIIOrl Vs Trme 

2 5 
Time (sec) 

thetat-Angulnr wloutv Vs Time 

" 

I liTH-! (!-,t"CJ 

35 4 5 

eire (J.I2: Angular position. Angular velocity and Angular acceleration of joint angle (}
1 

V:, Trrrw 

11::, 

1·1 

1 3 

Time tsec) 

15 

-0 01 

--;;; -0 02 
u c 
E 

0 OJ g 
g: 

i 004 

-0 O::J 

thota2-Arrgular acclemtron Vs Time 

2 5 
Time (sec) 

thota2-Angular wlouty If'> -lrrnf-! 

Tmw (sec) 

3 5 4 5 

_ llll' 6.13: Angular position. Angular velocity and Angular acceleration ofjoint angle (}, 

60 



A II 'J l1 d' ~, c , 111 J I 1 ' r I Ill t 

Trm e rsec1 

u u 

0 Ob 

:Jw-, 

E~ 
: :__: 04 
g 
~ 
0 

0 03 

~ 
0 02 

thcta~-Arrgular acclerat1on Vs T1me 

:-! 5 
:1rne 

tiluta~>-Arrq uldl vclvt.lll' llrnfc 

? .I 
T1m e (Sec) 

'3 ~ 4 5 

· ~urc 6.1-+: Angular position, Angular velocity and Angular acceleration ofjoint angle 05 

ttH-:taG-Angular pos1!10n Vs l1rne 

~ I ! 

0 5 I 5 

0.04 

-:;; 0 06 

~ 
0.08 

~ 

u 
0 

" ·0 1 > 
m 

~ 0.12 

< 
·0 14 

tr1ela(, i\nquld· acclsro;.urr Vs T1rnc 

2.5 
Trme (sec) 

Hleta6-Angular vclocrty Vs Trme 

rrrne (sec) 

3.5 4 5 

1gure 6.15: Angular position, Angular velocity and Angular acceleration ofjoint angle 06 

61 



References: 

\1. II. Raibert loeggcd Rohots Thor Balance. Cambridge. MA: MIT Press. 1986. 

I~ \liomir Vukohratovic and Branisiav. "Zero-Moment Point-Thirty five years or its 
life:· lntcnwlionai.Journal ofHumanoid Rohotics. vol.l, No. !, pp.l57-173. 2004. 

I~ I .1. Yamaguchi.Y. Takanishi and I. Kato,''Development of a biped walking robot 
compensating for three axis movement by trunk motion,"/EE/RS~/ International 
tt nrkslwp on intelligenr rohotics and systems. vol. 2, pp. 561-)66. 1999. 

! ~ i \. Agra'hal and S.K. AgrawaL ''An approach to identify joint motions for 
d~ namically stable 'hal king." AS/viE Trans. Mechanical Design. vol.l28. pp.649-
653.P. 2006. 

I~ I Closwami. A .. "Foot rotation indicator (FRI) point: A new gait planning tool to 
eva! uate postural stabi I ity of biped robots''. Rohot ics ond Automat ion. 
/IJIJrJJ>mcccdings. }()()!) li:LE lnt. Conference on. Volume: I. 1999. pp. 47-52 vol.l. 

! 11 I llonda Corporation. Say hello to asimo. http://asimo.honda.com. Accessed December 
27. 2009. 

i 'I L. Geppert. Qrio. the robot that could. IEEE Spectrum, 41(5):34-37, May 2004. 

i 'l I Massachusetts Institute of Technology (MIT) Leg laboratory .http://www.ai.mit.edu/ 
rrojccts/leglab/robots/robots. Accessed September 21. 2009. 

·1 I K. Kaneko. F. Kanehiro. S. Kajita, H. Hirukawa. T. Kawasaki, M. Hirata. K. Akachi. 
and T. lsozumi. Humanoid robot HRP-2. In Proc IEEE Int Conf Robotics and 
Automation (ICRA '04 ). pages I 083-1090, April 2004. 

! 111 K. ~ishiwaki. T. Sugihara. S. Kagami. F. Kanehiro, M. Inaba. and II. Inoue.Design 
and development of research platform for perception-action integration in humanoid 
robot : H6. In IEEE/RS.I International Conference on Intelligent Robots and Systems 
(IROS'OO). volume 3. rages 1559-1564,2000. 

I I I uj itsu Automation. I lumanoid robot.http://www.techjapan.com/ Article I 037 .html. 
i\ccessed August 25. 2009. 

· 21 M. (]iengcr K. Lftler and F. Pfeiffer. Sensors and control concept or walking 
"'Johnnie''. Int J Robot Res. 22(3):229-239, March 2003. 

I 1 I J.-H. Kim; J.-H. Oh. Realization of dynamic walking for the humanoid robot platform 
khr-1. Adv Robotics. 18(7):749-768. August 2004. 

64 



• ! l~.R. ly1urphy. Trial by fire [rescue robots]. IEEE Robotics and Automation Magazine. 

'\1~):~0-61. 2004. 

"-,_ 1\obcrhon. Meet packbot: The nC\\est recruit.http://archives.cnn.com/2002/TI:Cl-II 
"cicncc/08/0 I /packbot/. August I. 2002. Accessed June 25. 2005. 

' , i. \3arcs and D. Wettergreen. Dante II: Technical description. results and lessons 

lcctrned. IntJ Robot Res. 18(7):621-649. !999. 

l alil'ornia Institute of Technology NASA Jet Propulsion Laboratory. Mars 
exploration rover mission. http://marsrovers.jpl.nasa.gov/homii/, Accessed August 15. 

2009. 

I I X I R.K.MittaL and I.J.Nagrath .Robotics and ControL Tata McGraw-HilL 2003. 

I I'! I .John .1. Craig. Introduction to Robotics: Mechanics and ControL Prentice Hall. 2004. 

\'111 \~oho\\nrks -A tool Cor realtime interactive 3D modeling and animation with 
distributed simulation. http://www.newtonium.com. Accessed December 28. 2009. 

\~l! I.Picstan. W.G.Jessy. R.Westerve!L A.GabriaL "Stable vvalking of a 7-DoF biped 
robot." IEEE Trans.Robou\utom .. vo\.19. pp. 653-668. 2003. 

........... 

1~21 \l.(i.J\.P Abeyratnc. ":V1odelling of' bipedal robot negotiating slopes" Master Thesis. 

l ni\\:Tsity of Moratu\\a. January 2010. 

65 



:\I'I'E~DIX- A: MATLAB programs 

Pro:;ram A. I : ProJ.:ram to calculate trajectory coefficients symbolicanv 
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Program A.2 : ProJ.:ram to calculate traject01:v coefficients numericanv 
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,, / I- ~ ;_ z-: 3 t ~ f s j [1 (a L IJ [-:a) cK X~~ A fl--r--2 7 ~ n i: a l pl't 0 :1 ~ ~{ 2 -"' :3 K :·

7

• :j 

-,- z2) I ( x ~- x?) / ( z J -7 ); x:3-+- x2) I (a l pl1a :·, /, 2; 
" )'. -

-~ -1 - '<_ ~ \ ,-; K 'J -· 

.·: 1 • :v::2. / -xj_ 
_J X:;_":-+-".<-~' 

~ ; 

•s~nralpha)Txl•sin(alpha) "z2+x3'sin(alpha)•x2-
(-x2"x3)l(xJ-x3)/(2•xl-x3-x2)/ ixl-x2il(xl-
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11mgram A.3 : Program to calculate joint angle (/, 

't ~:e+_3~,, ~~t'r.et_a :=c~Lput 3[X,Y,L:,L2l 

2,',;-~21-\L:/2.~ 

u -- - , J ~~ l ( l- ( C t ~~ ~; L d 2 

'"' L ;: ) I ( 2 + 1_, l k I_, 2 ) 

,~'--:.? ( ~~ti-le 1,~a?, ~--t~tc", a); 

=L·,:~; ·~het 2 

Program A.4 : Program to calculate joint angle R1 

t_nP~_ (_j l I =:;u~pu~- c=, (X, Y, r~1et 2 ;: 

u 

n~"= (-. ~~ 1 

1 
x: n~ 

~e ~:;l_~_/ci; 

Program A. 5: Program to calculate joint angle (}5 

I- 1--~t:::; t I ~ I- ' ( 1 ~ J 2. ' ~ ~2 ' 

:~ l 

>( c i .. :) ) ,-r: a cJ • "7: ~-;X; 

_j_ '~7 ', - ( l_, -~ • ?.,u. ·. ~) :1 ; ; 

Program A. 6 : Program to calculate joint angle ()6 

: Jl?l '=- ()_). ,__.. 1~ 2 C) ~ ( S X 1 [ ;,_ 1.-=: l c-:3. ~-) ) 

~- ' ' L i' , ;:) -"l an_ ( 

~- -= ~::. ~ :J. (,--r1 / ~- j ; 

; 

Program A. 7: Program to calculate joint angle trajectory coefficients ~ymho/ically 

,..,... 

~- ( _: ::_~ _:__ ' ~ 2. ' '~~;:_14' 
, ~~ q 6 J = o ·,_2_ ~~-put l 0 8 3 ( the L a s , t l, G t a~ , +'-r-l c: ~ 

c,r~cta?e,rs,~~ t:,L2,a0,al,a2,a3,a4,a5) 
fd a:·~s~a2'LS 2~ ]'LSAJ+a4•tsA4•a5*~sA5; 

-•' aetaOJ '•te+a?'Lc 2+a3'LeA3~a4*teA4+a5*teAS; 
- r:: R + ct 2 1 a ~ t- 2 -x a 2 "' t s -r- 3 *' ct3 --x t s ,., 2 + 4 * a 4 * t s A 3 + S 7:: a 5 * t s A i} ; 

-c--e_ ~1ct ale +2* a::::--x-~e-r-3 ~-- a3x-ceA2+4 "* a4 *te/"3-\-5--x- aS*teA4; 

-_- 1 I " ' r- c1 ;; s r- 2 ' a. 2 + 6 ' a 3 k t l r- 1 2 * a 4 • L l A 2 + 2 0 * a 5 ~ t l A 3 ; 
,,i;o· 2!1:)' Jk;-2t-l2ka4kt2A2+-20*a5't2A3; 

, , ' /, , ~ :-) ll = o _j_ "T e (_ e c:1) , e q 2 , e q 3 , e q 4 , t-; 
,aO,al,a2,a3,a4,aSl 

s, ~l1eta 
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J•,,,~mm. 1.8: Program to calculate joint angle trajectory coefficients numerical~v 

_ i.! -: f .~; 1- ' i_ ~ 1 ~ I _ ',~ \ t-_L~~ d :::; , -!:=_ :-:ct , ·- ne · ::::~, t a::_r~' ~, t--; 

~ 

) ~ i- -i * r':.~r ~ J (,I K ~- t= i' 3 ~ t 1 
' ~~ ""t .·-~ tl ~ · ,-,~-"--

~ • +- '- h u 2_ :~' 

•' I C ~ +::_ e -~ J ". ~ l "'3 f_ ,~ s 2 * :_ 2" t ~, e L>-=:l. ~- r l_ ~ t=' ~ t t=: 
' ~- l j~L2 

•: I ' l ~1 \ • + :; '~lie'~ :.:' 
"" I } k • ~. ;~ ~ ~ -) >=: ' -) ( '1 j( , • \~ I• 4 A t_ l /' ·3 "' t;.) I'• * t h (_; t c=t ~~ e T 3 2 " ~ C_: I'· 2 ); t ) ~ + 2 A 2 * t 

3 * :. ? " 2 * i _ ::3 2 '" L ~ 1 C-? t~ o ~,_ s + 2 0 k ~ e" ·"· t l " 3 k t s A ? k L 2 k -c,h c t a e ___:_ 6 0 +--: e "'.? * ~ l " 3 

" ::-: t1.:=: ;:-_ -~: s ---r- 2 ~ "-:.) "'-~ k ;:-_e "5"' t~~ e~ as-
'4•t~A?·~~~~ae+20*~2A3*tsA4*teA?*thetale-

~ b*~e·the~ale-36'~l·teA4*t2A2*tsA2•thetale­
;·c~A6•cheras,l08'~?·tsAS*tlA2*thetae+24*tlA2*tsA5*teA3*~hcta2e•~20 

·~?A •rnet sT:28*t2A2*~sA3*tlA3*thetae+24*t2A2'tsA6•th~t~e+180' 
'''e*Lherae-368'~2A2'~sA2•tlA3*re*thetae-

A :_-f-.: 

_j" t L(~' 

c•JG•r?•csA4·cl ?•teA2•thctale­
c-: 0•t2•csA~'t!A2·tc•thetale-

::: ~ T 1 'I ,.- L S: " t ~"~ 7:-: j_ d 2-

~10 ·tl•lsA~'Lc"t2A2'thetaie-* L e ~, '/ ~ -;:-- h ,~ 
' , " • c. e 1 L * t 1 · -) " r_ ~- :J "- r-_ ~-l <:-; t 2 c --1- 2 ~ ~ t l k t s /'- 4 "' t ~; /', :J K ~--he t a 2 c + 2 ,~ k L. 1 2 ,._ t 

r:..:::c.+- l__'--~-~t.jt 1 "' "'-~::--./'4".-te/'- ·1--thet.ct' 

i_ ,_j 1 :---; • -! ( -~ 't~T~o~··l·reA~•r?A2·t~£tasT240·tc 3·c2 l'tl'r~·~~etas 

·~ • t ,_, ~ 

l :-; + - ,---) "- '_) -~ 1 l -,, * ~- ,--- ~ t :3 /' 3 -k t h.:-_: t= 2 s *. t e /' 3-

., -~ 1-- t 1 h 3 " +_ ~; _c• c-:B~'~!A2*ts"3*t2*~eA2'1 

r:HG'tl'2'ts'2't2' /' 3 * ~~ne"= ~-:; , :/. k -t: .! - :_ c ,- j ). · · . e -
~·· ?•re·~·tn~tals,JE'tl~2•:sA3'~2*teA3*tteta~c+:RO*tl 2·c~·j•c 

(! ·k +_ L 3 " L. :--; /' ~~ " /'. 3 * t. > et u2 s- 2 8 * t. 2 A 3 * 1_ sA~~ * L c::: * t 'net a<~-
/•~cA3'tl.etals~24*tlA2'csAS*tcA2*thetale+24'llA2*tsA6•t~·t~eta 

2•ts s•t 'rhetJe-20*t2'3'tsA3*thetae-
·-~ /' .-=-. " t- c:. " ~ :-- --c~ a-~ 1 :2 0 ~ t~ l ·" 3 " ~sA 4 *' -c e * L h c -r_:. a e-
~sA~·te"2'theta~e~3•tl*tsA6*tcA3·theta2e+l20'tlA2*tsA4•te'2*thcta 

i• A~•ts'2•thetals-
; .. 1'2•t2Aj'Lhet•_.ter-2t;•c2A2'teA4•tsA3*thctale­
~·r:A2•t2A3•ts•thetals\36C*te*tlA2*L2A3•tsA2*thetae­

··~eAJ•t A3*t~ctals-

"" -:-. ~- -~ ~ -r-_ r 1 e :-. d s · L C " !~ 3 "' t c " i} " c::::; *' r. he t a_:::;+ 3 6 k ~) k ~- R " 4 ~ 1
'- :__ 2 ~ t " ~ " the 

l_(·,"(l+-r_: "·.::/*L.s *t-r~e-c ~s-t-3Kt2"te/'i'*1_sA2kllleta?~-;-
,, >: ... 4_ n c ·- ~ 1 3 "'~- ) '" 1 c /'. 6 * ~--he~ 2 s -r ~ s /' 3-

::._ -1_ - r-? ' 7:: ~-j ,-, • ,-l l ~; 2"' *·-s~"'-l-,*te•·-r::-r-:.c~::: -Je-

"-: ~, , :~ "+:: ·r 
'j " ~-? - 2 ~- t ; ), -: ~ ' .3 ,. ~ ll e l. ~:.~ 1 e I-/~ U l- + .c; /'<~~ * L ~ ~ "' L 1 * e: /, 

. r ,- ) , +- ', '1_ ~_-:-:::..:::c.-

~ t- ~ (; 1- '.-) ~ t, 1 ~ ~-:: s 7 * ~ !--? /' .? " t }1 c: t_ c.=l2 c; -

3 * : ·t e-
-1 "-:._ /_ -;, * . 'c~·~LA)•t2A3•tsAJ!~~~[ t-120~'-J:<? ~)}-~~ '/.* 

"t_nE;t_c-l:ls-
~·ceA4•tl*thelaso~O •t2*teA5*ts•tl'~*thetaJsflBO•t2*teA4•ts~tlA2't 

r~~ ~ :~ 2 /'- 2 "' c e"' ll ~ L s ""~ * cl ~ e ~ s 1--12 0 -k t 2 /' 3 * t A 4 -r t 1 k t ;-,_e ~~a e-
~: - c: >- 1~ 1-1 e 1 1 s ,- 2 :J · 1,. J ,-. 3 '* c e /', 0. --r l sA k L he t a 1 s + 1:? () ~ t 2 /' j " t. E ., 4 " t ~"' t ~=;-;. ·,_ ;~ e 

' ':. r.=; ,, 2 r t S J "'+- \-,? + *L2/'2-
~ 'LC j'lh8CdS"t)'2+i 0'tl•tsA2•te'3•tnetae'~2A2-

~e~ •ti'tsA6•tc•thetaeJ6•tl*tsAS•teA2*thetae+4Q•t1'3• '(--,'r_c/'?"-l:=.he 
~·~het 1e-:G0'~ 1 A?•tsA3*teA?•thctae-
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...... 

-',I,__( ~f~l1e:~c _,c;--'--1 ()" 1_1 /''-3,..-trJct *t:s"/*te/':3 j 0"'tlrt ,3/' I *t_lletrle-

2 * +:: n P L ;~ e - ) 4 "' ~ ~ /' ~) * L e /' 4 * t_ .c; '" * the t 1 e - 2 CJ -A- t_ -~ '" j ~ ~~- " ~~ 'A -c_ :::~ ~- L :-, ~ t a >J -

[_I ' T ~-· k •- h P-; d -j S- ~ (~I·;~ A t_ ~ k t_ ~ "-, ~) k, := 2 A 2 K t S * t_ he t a 1 ;:) -

~ } t ~ t_::--le:'-::-a~::~-+ /:/1 "t /,2 "t_ ,-'I-, •• c; / ~:' ~ 

"* -r- i_- L ·:-La:-· ~ 1- e 
(,'I r-·-

c-L- 1->-

~ r_'>-

; 'I ,c. ' l L -- (_J '_) • 1_ ~~; '~ ' ·~ / / j ~ t_ j_ ), t_ p /' :3 -~ t_ ::1 C: f- _ / (,1 --~. I_ /j' L :C ~ r l 
' 't .'<' 'j'' c-,_>e "t_ c-

',;- c ~ 't -~ ,~,- t_ , ~~ ,. t_ ~: !,; t a e t- t e /, 2-
~,. •L:j· ~-s . ~ c "C: ~~ 't j,. ~ e /' -~ ), -:._ r: c t 2 1 ::3-

.. 
~ ;-. ', (_'; T -~l sA4·:2'2':c 2':heta~s-
J, ~ +- , • .--, -< -:--- • --<- t- ~ ~ .~ t .--i l ('-) "* ~ S ·"' ] r -r- ~~ E-:?: l ---:=:. 2 '* t c~ A 7-

~'-::1 rc;.~;.,.t-s L+ :/~-~-~ )*l~e·'2~<'Lheta2::;Kt.s/'G 2,~*-:l ~-""'tcA~JAts~--=--h,~;Ls: 
s*-

c;· .i~'! 1.:::.' ~ -,--., ,. 
l 

(':lA~'te ~·~te:as-3*tl·tc'6•~sAJ•:~e ?e-
3 -, t 2 "- t :1 c t CJ .s -t 2 < 0 k -c sA J "' t 1 3 " t e ,.- ~ .2 * -:_ ::--: e- a e-

' ~ -' ') ,_s,. Lh~; ~JE•:l*:eA •t?A2•:sA2•thc~ :2o•te'?··lAJ·t2' 
,-1 e t r:_.:.l ~ -

i':l'J*t2•tnctaellBO•tl*LeA2*tsA3*thctae*t2'2~36*tl*teA3*tsA3*t~et 
-~ 'tl·teA3*tsA3*1hcta'c't2A2-
~·:,,•J•~heL -E•t:·ts'2*thctaJs*teA6c6*:l*tsA3*theta:s•tc' +G'tl 

,_-, ) t 1 * 1 ~ 'l ~ ~ (-; " .~1 -.J;- t :1 c t,:::;. 1 c_' · C):_.: * t =._ *' L :--~etc:. :3 * t .s / J + t 4 -

- (_ '-~ " At s- k t ~ * t s '' '"7 -*~c.,_: · a 1 
;_; j i 1 .. - --~ 4 * ~ c 4 ,. t I_ a 2_ s + /: ~ k t / /, 2 j ~- /', •1) * ~ e o~- ~he : 

k+- •t_,- -"(4"t:2A? ,, ~J "t e :3 * t ~~ ~ t .s-
_. "r ', . ~ - '--:: { T_ / A t .~; /, r:l * :_::: ~-'" ') -· t_ h ·~; t a:? 

G ~t )*~:=:-; 5*~(' 4*t~leL 2s-Jrt2kt_ c,. t •t "?-
c • I ~·L:'2' ~ 'lsA3*Lhe~a·s-

A I:-) .:2 I L:*L 3'LeA~*Ls'2*theta2s+21•t?'2* eAG*L 'theta 
" - -=-~ " -

iL / ~' : >- "t e;-:::: ~:; + .2 ~1 ~ '2 1:---:=_eA(J*t"'etas-
--) '*. ) ~[ A ~ 

~ "r_rj~: + O*:s'L•t?·:e']*:hctaetE•• • 1~2 • t"' • t::"ota let 
J·t. 2le-_2 1'tlA2'ceA3*Lhcrae•:sA3-

~+r-,' :3"-.-he-:c.. ''_-)-

Las•cs'J•LeA~- •t2·t·etas*tc'6*tst6•t2*thetas*:e'3•tsA2-
~-t~!cLa2s~4·ts'4':hcta2s*teA6t6•tsA6*t?•:e'2':~e:alc­

•'t2':c'c~e:ae-G•tsAS't2'teA2•thetae­

~ls•:eA7*t2·lB'ts'4*t2*te'4'theta:s)/(l80*tsA2*tlA2*tc•L?A3-
-J•t l*t2-:o•~sA3*t2A3+12*L2A2*tsA6~10*tcA5*t2AJ-

''I "2't,'3-~4'tl"2•:2•~eA5+60*tsA4*tl*t2A3+5~*tlA2•t2*ts"5-

'l 5!~ •-1• ?A2•Le 5·60'tc"J•:l 2*:2AJ-60*Le 1•tl_•~ AJ­
·-2'LlA~- •tsA2*t2'teA5-80'tsA2•tcA *:2A3-J•ts'G•:e•:2-
o·~2 3+60•t A2•ts'3"tl"J­
OLcAIJ+~2'r7'2•~sA5•cc-3•t~A6•ts*t2-lO*leA~kLs*t?AJ-

)+ ll•Le"2•t 
/~ .(.__ .c.;, : ), -= ~=::, 

~- ~ ·:) 

S'3•t?A c6Q*t2•~eA4•tlAJ-6Q•t2A)*re l•~~ 

]':L"l-~3"'·1~ ~)~I- 3" -: 2 K L e"' 11 + 6 :J * "= L ·' > ; -=- .-~ / ~ t ( -; 
~--; " -t- (-:c. " ·- ,, -j- '~I r 7 l / ~ t ~ " ' __ e -" -:- .c~ 

3-
~-

.. 
) i ,c; : __ ~ A L e :3 ,. ;=. L 3 ' ~) c -.-- t l 1: -:-_ 2 ) " ~ e ·' -:: -:) 4 -+ - 2 -< t :::_l -< ~ 

• 1 c • , - l /-:; • : 2 • ·: s • t e · 3 • +- l'' 3-
P'tl l-Ie~ i? 'lS"t 2'tlAJ-

~~ 1 \ * • (::_; /'--; ~ ·_ / ·; ~- l_ /' ; A l .I - :__ 2 " [_SAG k t ~ A 2- l 8 r t} '" 3 'A t :3 '" r 

=J ~ S * '= .s / -; ->; : ]_ ~ t e' 4 -

·r "tlA2+GCxtsA4'te'2*tlA2~3*tsA6*tl*re-

,., 't~'~tRll':lAJ•tsA2*te"J-lQ•t}AJ*ts*teA4tlQxLlAJ*textSA1-
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} -r, /+l~~L~~·i 

Prowam A. 9 : Program to calculate ZMP of lower body 

" 

-~ l (' I LJ I =-JL' )·: 'J>_-;t l,~_h-?ta/,th,?-r~a~), :~f1cr ' c 1 ' q2' .(~' 

-t ,:-1' 'l' 13 
-~ n l- ~: t_ :-1,-, 1 :.het a2 
r; / 

* :-3 ~L [; i :-) _l - ~--. ~ 1_ , 2J ) :: 

~ ~; : j ' r ,_; (~ "~ - ( ~-~ _-:_ / 3 6 :~ 

,-~, ,-1( 'l ln~:p:/-)6~~ 

- - I t_ -"' >? t_ -l ,--:) + t h :; '_ ) ) + J . 1 ~ ( r: i I 3 6) ; 

·:_:;f. .~ (~.het ro•+ .CJ'Ll'si::(pi-(tflet S-::uelacj:) 
_}_", (:~;)~~· J---:-C.(:()()A-.''4; 

• cJ ::~ (, (~ " t - ·t.'2+.~12:J't :J; 
C)l-: "'i- ,,-) 

/- 2 2•t.nJ-/.QJ685e-J*t.A4; 
L (1 · u :C:: ~ 1--- u • U 8 6 -•- ~~ 2 + . :Jll 6 / I ·1 * t . A 3 ; 

?~JL•t+0.32CJ8't.-/-.0996•t.A3+.0l*t.n4; 

~~5~+.6 :6*::-.)988·~.n2+.0~*~.n); 

'L-0.10~6•t. 2~.032~*t.n3-3.2/6~e-3*t.A4; 

. - r; . 7 l U · ~. ~ . :: CJ '2 • t . A 2-.:_ . 2 9 0 6 e- 2 • L . · 3; 

) c 

JL 

it-;-;\ 

-J ~ ~~ 

· , T: ' ! •1 . • r2 i · · 1 . ' r()!l t I.~, . * ( q 13 . A/ ) . * s i n ( q 4 ) - cr . • ;· o ( q3 q 4 : 
:.''.' ::;lq~)-Ll.•qlJ.n2-'-'l.' ::.4.'2-

:J L ' 

_,.~T,l.·:11. /; 

~ .~) -t- .. • '). 'Ll. '). 
L r 

"' .~ . ~- -~-.-k~~-k(ql1+ql2:'.~'2; 

\·~"- 1+q~L); 
-:. /', /; 

2; 

1' 2. '~ l 
?+,_;2 :'1 . 't ~1; 

I l . 'Y -.. K ( b- ) -~1 ci. * yl; 
>:2. ;~; (d-,~~ -rn=-_. "c. *y2; 

II':L_;.A:-~J.J (f-c_; -rt' .*'/3; 

'1 +~y: l] . A- XL; . -~ ( k- CJ) - n L . '* j . * y ~ ; 
,-,-(; 

1) 

! / •·"".-"' I 

1, r12 
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Program A./0: Program to calculate ZMP at 5degrees 

~, J -~ _ , L l , __ :-:; x , y , t :10 ~- c 1 , e ~ a 2 , t ~: e t_ a :; , -- __ P a t~ , t __ >? t ,-l ---; , ·-:I 1 , 
_1 ] '] -~ J 1 Ll lJ 1 :Tl C) r 'J 1 X r Y } 

'I i_ I 1,, :: ln.:::, ,-) •ns: 
'sin,,r:he::h~- ty-e' ,*sin(pi-(thet 1-t:_~_et 

: ._-L2-kc:cs (pi- :t:-.>?to- ~t~:·;:-:·~a2)); 

c:, >.- T_ 2 -r s : :--~ ( ;) i - ( theta l 'theta 2 ) ) ; 
r cos ( L r:. eta b ) + 0 . 1 ~) k cos ( pi I J 6 ) ; 

?' tn(theta6)+8.c;5*s::_n(p:;,/36); J 

• ), 1 • ·=us (pi - ( t: ,, c t: cU ' U\ e :. a 6 ) ) + 0 . l T c 0 s ( D i I 3 6 ) ; 
' ' ''in ( l? i I 3 6) + L;~ • s i :-; ( Lhe t a 6 ) + C . 3 'L 1 *sin ( - ( t 'ce t a 5 +theta 6: ) ; 

. l :~ ' c: o s ( D i I 3 6 ) - s x + 0 . S * L 5 'cos (theta~ -theta 6 -~he t a 7 ) 
) ~- sy+D. S*LS* ~;i:-: (t:~eta5+theta6-U:eta7); 
4C6't+.2034*L.n2-0.C67•t.n3~0.006*~.n4; 

-_;~ G+0.~06 "I- .186·-.A2+. 24·~-A3; 

ll~ '+-:~:·.c·-,9LJl_rt__."~- .C2 2"-- .~3+~~.':1C6S~e-3-At."'4; 
,, r-=- . r-~ g ~~ ,-) * -r--, 

. -
·-:-r-. (J . L -~ :j (_; 

'. ') 

r ·t. ') . o· =.6214 't. ··3; 
' ~) ') A~ 

~ ~- • ~) /1 -~ T_ A -~ ; 

,f' 3- -~. 2 2 r-; 

':1 \::t~-~~ 

I+- /',"' • .. ' 

4; 

'~ i ! '' 3 · L ~4112.• ,ql3. 2) .'Slf\(Cj'J)-q.·::_~o (q_j+q4) 
_:-; l 

c .. 'ql-~­

'-11 :·, ~ ( l-~- \ 
•ql·+(h-g\ 

,, - l:: . ).-

1\:, 
'-~ I~·~{]) u • s .. * L/ . 

)~=-."'2/17; 

.A2/12; 

l .~ ' •j 

. ·'1/ 

,_] 

L 

.... ( r---

.!. :_c; l:f!) -LJ. 'q'.3. ~2<_1 
j -1 ·~-r lj ;· ; 

'~ ( ql :1 -8. 5. k L l. +- :=t=- =-.A 2; 
s(ql)f[; .. *Ll.*q?/; 

-., - I 

, . * ~ 2 . ' ( r_J ::_ J + q ::_ 2 j .• A 2 ; 
. *_2 .• (q71··q2/j; 
2; 

2~~."'2; 

~ : l 

• r· • "L~-: 13··:rl4lcl7J 
• ~-) , A f_ 1 ~ • .,- ( q 2 3 + Q 2 !} + C?. 2 ) ) 

-:r_- '·'l. ·yL; 
: (]-·-· -:r ~ \. / . 

) ' 
k. 

' j ·-

l' r \/.5; 

~ y4; 
-; -rrl A y~~. ~ ~: .v, (~-q, -a.~l. A \l~). f y~; 

-~-g) ; 
I ~q); 

. k-q); 

'I \i 6-q; 
'- ; :::; --1-- \r ~.:-) ~ ~ I ( u t 'J --1-- 'd 1 r ,~-t-v 6 6 ) 

4 
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Program A.ll : Program to calculate ZMP at 10 degrees 

f ._-J/~t ~~~y I 1 I·~.? f ,q(,q/,ql ,c/ ',~t- ,In/,r1_~,r:L/±,T 1_~.,q 

. '~ l j _:_; -f ( p ~ / =- :~ ' 

'_;l~~( ~-,~,~11'~)', 

'L2·=cs:p~-:ql q2 ' 
:::-:,- lql+q~)'• 

~·;,·· .jj' + ,; ;: (ui;-,8) 
) ~ ::; -j ~ c_(~ :: -~ CJ • 4 ~[!( /18); _, 
• I~ l ' •]. :: +C: .1-"ccs (pi/18); 
,; .. (~),/1 )t~L'Sl:(q3)+0.3•Ll•sl:l(pL-(q4rqJ)); 

IJ ·cos(pi/l8)+sx~O.:';•L~*cos(q4+q3-q·;;; 

~_)c)+sy-~o. 5KL~*5in (q4+q3-c(l ~; 
9 8*~~0.238~*~.A2-0.0688*t.A3+6.5e-3*t.A4; 
8+0.~77*t-0.2Q6~*l."2+2.6e-2*t.A3; 

--.r: r1fJ•'=J0.021;l*t.'2-7.2e-3*t.A3+6.8065e-4*t.A4; 
-' n10E·0.0486*t-2.16e-2*L.A2+2.7226e-3*t."3; 

,,_rl 

) r) t, * t + 0 . 2 4 3 C) ' t . A 2- . 0 FJ 4 • t . A 3 + 7 e- 3 * t . A 4 ; 
' ·- •1 - . 4 ~ 1J ' t - . ) I l 2 ' t: . A 2 .,. 2 . 8 e- 2 * t . A 3 ; 

~) i! ~ * t t- • '/ ~' q"' t • A L~- • :~. 2 2 *-= • A 3-2 • :_ l. 61 (?- 3 k t 
0 

A 4; 
9~2-.l~lR't-.06fJ*~.'2+ .1644c-J•t." ; 

(q4) t1.'•j/j-~l.•c2 t~2.*(cl3.A2) .ksi (c4)-g. *ccs(u3·c4) 
3 . ' s i '· ( '14 ) - - 2 . I q 1 ; . A 2 .• c C) s ( q I; ) - L l .• q 13 . A 2-L: .• q l Ll • A 2-

' 1 =- -~ . * 1 ~ - q .. s i_ :-~ : q 3 q 4 ) ; 
:- ': + ( J.- q ) . " _It ( :_ ) - 0 . c) • • L i . • q ll . "2 ; 

; ---;-- • '.._; X IJ ~ ; 
_, J 

+-u. "c,~- ) + ,_ . S. ~ LL. " :: q2l +c~2 2) ; 
-0. 
j 0. 

.~2/12; 

.'2/12; 
( q 13 + q l fJ ) • ~ 2 . ' ~-1 ; 

* (q23+q24). *:::.1; 

''2; 
02; 

2; 

r q 7 l - !· . * s ,_ 11 ( c.- l - :: . ~) . , 1 s . * : q 13 + q 1 c; r- q 1 7 l . A 2 ; 
.. · o' in ( ) + l . * CCJ s ( q7 ) + C; • 5 . ' L 5 . * ( q 2 3 + q 2 4 + q2 7 ) ; 

• -1 ,J- 1 n J- :v: 1 . * t b- cj -rrt ~ . "" a . ~- y: ; 
">-:> ·:._1-~J -n . "-c. >kv2; 
*'--~ ~=-'J .-Je.+-}<3; 

I<)'.,. ')"4. A (k-~· . j J. ·y.-;; 
T 

l-'-1 '\ . 

,--,J ; 

IJ-\_1 ,' 

., J I 

-1 ('vr -:r :·. . . ·k y c •• 

f-\ 
0,1 
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ProJ.tram A. I 2 : Program to calculate ZMP at 15 degrees 

=-~J~~ ( t, Ll, L2, T :J, sx, sy, q:_, q2, q3, q4, q7, q2_7, q2'/ ,ml,n/:·,rn~-3,rn!l,r:L:J, 

.:__- ' 

1*,·~;:---;fr;~ . l 

!-) l-

< ll' 

''I 

-<-; 
1:_,1 • ,_:1 ~~, :::: 

'O:C: + 

:3(p~/~:/·, 

r~ioJ-;· 

I c, 1 / 

p /1 
1- C'. 

:::!2 

J 

~ / l ~~ ' 
~IJ./; 1 L) · ::;i_ ; > ) ~ C . J '~~ ~ ' s i n (pi - : q 4 1 o 3) 

/ l / :·, - S X J . ~ r ~ 1 ~) -f, C C .::3 ( q 4 -1 q 3- ;·_:r/ ) ; 

,)-+ 'q4 -::(/); 
t-, . /: (~ I ~ :1 ~ f t 0 _3 I --, . ~j p - * t . ~ 1 ; 

3 0.53 6·~-0.2364·~.A2~3e-2*t.AJ; 
•~r-~•t-6.3e-3*l.A2+ 88 le-J*~.A3-l.R518e-4*t.A~; 
... ,- i- ~. 2 -2'c+~.6 ~3 -3*c.A2-7.1012e-4*c.A3; 

7 2*::T0.22 B*t. 2-.0G6*c.A3+6.5e-3*t.A4; 
' ~- . 4 ~1 ~/ 6 * :_- . J 'j 8 k l_ . /, 2 + 2 . G e- 2 * t . ·' 3; 

,, ""', R • t: +. D 6 8 7 •:: . A 2-. (J 2 0 4 • t . • 3 + 1 . 9 8 9 5e- 3 * t . A 4; 
4R+.:374't-.C6C2*t.n2+7.958e-Jxt.n3; 

'' ~i .• r c: '' ( 0 4 ) T;; . * 3" L l . * q? ·1 + L 2 . * ( q 1 3 . A? ) . ~ sin ( q 4 ) - g . * c 0 s ( q ·~ + q 4 :· 
i :~ ( q 4 ) - ~ 2 .• q 1 3 . / 2 .• c 0 s ( q :) ) - L l . * q 1 3 . A 2-L: . X q 14 . A 2-

-~ ~ ; • " _:_ L} - g . A .:=:; ._ n ,· J 1 ·=1 L~ ) ; 

' r ~- c; ,: . ~ ~- _ r 1 ( ,~ _ - U . ~ • ,- l_j _:__ • ~ c~ l 1 
) ~ '\ ,rl] / + u-~- q ) . r c () :~ ( <Jl ) T • =) . * L l . ~ q2 ;: ; 

:+tJ.·si:-, :q::J -J.:,. *L2.' (ql1 rql?) .'2; 
1r~ ~:;:-t-::._).T .:~r.:·-+-- .:).f~/."·,:q2l~-q;::2;:·; 

l 3 ' ~j· ~-T.~. ·:Il~~ -,2; 

(~ 2 ) ; 
; ~ / 

1 .::___; 

- ~~ ~:; • >c" ~ ':~ • A 2 I 12 ; 
.).'(q~J7ql4) .n/.'L}; 

} . ';. '(q23+q24). *~l; 

('c3 ( q/) -h. * s i~~ ( q/) -0. 5. k LS. ' ( ql3~ ql4 +qU) . A 2; 
lrl

1

""<~;---r-l-' .• "'-ccs(q 1 t(;.3.*L5.* 
' Jce 1-:r~l. rx:. • )-mJ.•a.'yl; 

?~n2.*x2.*(d-g)-ml.*c.*y2; 
_? i- ~r.3 . x x 3 . * ( f- g) -~n3 . k e . * y 3; 

'l · c~2S-<Tt4. *x4. * ( ) -nl~~. *j. *y4; 

/---:-T.5. rx::-)." (v(-t:j:·, -~L5. '*v5. *y5; 
\. 

'' 

- J I 

-rJ 

'-'·' r: 

4+q27); 
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J>rogram A./3: Program to calculate ZMP at halfstep 

~ n "'., ( t , :::__ : , _ :2 , ~-) , ~-:; z , y, 1_ he c a:::__ , the t 2 2 , the~ _) , r n e-= a G , ~ h t? +- rl / , (~ ~ , :_1 
,r_12- ,l~l~,r-:5, ,g,z,y) 

;-I (-_ ' c~ ~ " ~ ~) ~- I~ / j 

r+-1--,~~r-- ~-y--~_L_"- in(r=:i-(th~t l-t~~eta2) 

·cos: -(-h"t l+trJ2-cJ2)' 
1 ~ T , ) * ::-=; ! n ( p ~ - ( ::- ~-l e ~ c: =._ + t l-: e t (J 2 ) ) ; 

·~ c:~ C ~' . ', -I '; 
, :-; r l ~:"=net_ •"- . \ ~~ i I G ;: 

~~. e ·- :_ne~=~G:~ )-I -~.1~ s ',ri/36) 
·:1. ,, i r• -(L 

'/ ~ ( t_ - ~: '--' -j f C) - t: ~-- e t -~.: 
~i :: -,-t t_ .~; r_)- := l ~t:: a '\. 

-,!_-_ ; 2 ~ ~ cJ; 
" ~- .J]'l)! ~ ; 

j 

. c --, _) -_rl(~:_ ~:: 

l- -;' -~~-~L"?- 111-+- -<;- l_ ~) r_·.- ~ ~ • 4; 
-~- -},>' --:E:-_' 

r'l 

·j ., 4 '' 

C ~~- A- t i o () 9 ~ 

-, .J C jr-=;- " -= . /' ~- (_) . ~ '/ (j 7 c-
U/ 2·t ~)-, (),~:.=) rt. "'4; 

/-.02•t.A3; 

2-.6?1B·~.n3+.11HS•~.n~; 
\ r:· , ~ • _l_ ~J 12 ~ -:-:- -, . :., -/ 11 ~± ' - • -~)--+ • 4 -/ 1 * t . /\ --); 

''L 

3(q( -.:.· 3 L~.·c~2L;i'-"/.'(ql3."2).*si_c"( 
" s ~ n ( ~ 4 ) - L:.2 . " q :_? . ,, ~: . * c:o s ( q 4 ) - J.l . * q :2_ 3 . A 2- L 1 . * 

3. *q] 4-CJ. rsi:; ::c{3- q4); 

11 \ r (: - 'J :' 's i_ n ( :j' ) -0" :J • K L l . X ol 1 . "2; 

(h-q) .'c_;oc:,:ql) tC.5.*Ll.*q22; 
..- ::==: l ~ . -':1 • * L~. k ':1:_ :_ -+-q: 2 '"2; 

1'- ,-!. 

' 
[ .. ',!; 

L' 

:;~ / 1 ;~ ; 

l _!_., 

~. ' I ~ ·L 
-~-(~~' 4 

-ll. t 2 _ll :: ~; . ·-). _!_j :) • ( c~ :"t_ [!~ +ql"/) 
+ ~ K (' : +' . :, . '!,' '(q2 +q24-J c?/) 

l~:rJ. 'X:. • (n-g -rnJ. *a. 'yl; 
r:c' ··:rc:?. 'x2.·(ci-q -r:ll .*c.*y2; 
.J)Hrn3.*x3.*(f:-g -J;L3.*e.*y3; 
r>4tm4.*x/,.*(k-q -mL.*~.*y4; 
. " '~12 i r- m 5 . " X 5 . ._ ( V )-rn5.*vS.xy5; 

J ;' 

J.- T I 

- I, 

,rC-

·c+·i' I ( 11 I r~ _J_·\I6C) 

/_ ; 

~. -,k(- OS ( q-)-,q4 ;1 

_4."2-
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\PPENDIX- B: Joint angle trajectories 

n. I : For walking on 5 degree angle slope at full step length 

lllule-tfleta I ,..., 

lU~I77-0.1203r' +0.067Xt 1 -0.01551"1 +Cl.OOI2r' 

I = -0.2406! + 0.2034/ 2 
- 0.062/ l + 0.006!1 

I = -0.2406 + 0.4068/-0.186/ :' + 0.024/ 3 

lnole-theta2 ,..., 

~ = 1.4(J56-0.0563r" +0.0317t' -0.0073/ 4 +5.8137*10- 1
(' 

c --0. I 126/ + 0.095 It~ - 0.02921' + 2.90685 * 10 '(1 

I. = o. 125- 0.2 1 121 + o.o972r • - 1 .2906 * 1 o-" r ·' 

lngle-theta5 

= 1.2772+0.0625/l -0.0352/ 1 +0.0081/1 -6.453*10 4 1' 

I = 0. 125!- 0.1056/ l + 0.0324/ 1 -3.2265 *I 0 .1/1 

I, = 0.125-0.2112/ + ().0972/ 2 -1.2906 *I o-c t 3 

lnole-theta6 ,..., 

I = 1.4281- 0.1927/C + 0.1086/ 3 -0.0249/1 + 0.0021' 

-0.3854t +0.3258! 2 -0.0996! 1 +0.011 4 

I = -0.3854 + 0.6516/- 0.2988! l + 0.04! 1 

n.l: For walking on 5 degree angle slope at halfstep length 

lnole-thetal ,..., 

= 0.8185-0.32331' +0.3441 1 -0.1471/ 4 +0.0224t' 

"-0.6466/ + 1.032/ 2 -0.5884/ 3 + 0.112/ I 

, = -0.6466+2.064t-1.7652r 2 +0.448t' 

,; 
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lnofe-theta2 .... 

I = 1.4639+4.6831*1W11
1 

-4.9824*10-4 11 +2.1303*10 4 11 -3.2396*10-'t' 

I ·cc. 9.3662 *I o-' I- 1 .494 7 * 10 ; I 2 + 8.5212 *I 0 4 I' - 1.6198 *I o-l I I 

1 =.'!.3662*10 1 -2.9894*10 1 1+2.5563*10 
1

1
2 -6.4792*10- 11

1 

lngle-theta5 

r! = 1.4520+0.0151' -0.01591; +0.0068!1 -O.OO!t' 

i/ .= 0.031- 0.04 771 2 + 0.02721 1 -0.00511 

;} = 0.03-0.09541 + 0.08161 2
- 0.021; 

tngle-theta6 

;} - 1.()775-0.34331 2 +0.36521 1 -0.1562! 4 +0.02371 5 

!) = --0.68661 + 1.09561'- 0.62481 1 + 0.118511 

1), =-0.6866+2.19121-1.8744/ 2 +0.474/
1 

; 

0.3: For walking on 5 degree angle slope at quarter step length 

tnu/e-theta I h 

() = 0.8070-0.5648/ 2 + 1.22911 1 -1.0958/1 +0.3452! 5 

(Jl =-1.12961+3.68731 2 -4.3832! 1 +1.726!1 

(} =-1.1296+7.3746t-13.14961 2 +6.904/ 1 

4no/e-theta2 b 

(! = 1.-1-822 + 0.021 2 -0.04251 1 + 0.03641 4 -0.0 111t' 

f) = 0.041- 0.12751
1 

+ 0.14561; -0.055511 

(} _c: 0.04-0.2551 +0.43681' -0.2221 1 
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lngle-theta5 

;} = 1.4520+0.1099/ 2 -0.23381 3 +0.21 4 -0.06081; 

,; --= 0.21981-0.70141 2 + 0.81 1 -0.304/ 4 

·I =!J.2198-1.40281+2.4r' -1.2161' 

lnufe-theta6 ,.., 

·I 1.()775-0.72241 2 +1.53721 1 -1.31461 4 +0.3998/; 

,) = -1,4..j...j.8f + 4.6116/ 2 -5.25841 1 + 1.9991 I 

1) = ~ 1.44-+8 + 9.22321 -I 5.7752/' + 7.9961 3 

0.4 : For walking on 10 degree slope angle at full step length 

twi/e-theta 1 h 

I}= 0.8112-0.1494/ 2 +0.0795t' -0.01721 4 +0.00131 5 

I) -= -0.29881 + o.23851' -0.06881 1 + 6.5 * 1 o-' t 1 

11 -= -0.2988 + 0.4 771- 0.2064! 2 + 2.6 *I (r' I 3 

tngle-theta2 

IJ = 1.-+709-0.01531 2 +().00811 1 -0.00181 4 +1.3613*10 4 ! 5 

() = -0.03061+0.02431 2 -7.2*10-'1 1 +6.8065*10- 1! 1 

tl · = -0.0306 + 0.04861-2.16 *I 0 2
1

2 + 2.7226 *I o-' / 1 

4ngle-theta5 

o, = 1.4520- o.0476t 2 + o.o253r'- o.oo55t1 + 4.2323 * 1 o-4 t 5 

r1, = -0.09521 + o.07591 2
- o.o221 1 + 2.1161 * 1 o-' t 4 

f/, = -0.0952 + 0.15181- 0.0661 2 + 8.4644 *I o-' I 1 

.; 
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In of ~-theta6 ,.., 

• l 3'in-O.I527t, +0.0813t' -0.0176!' +0.00141 5 

= -0.1054t+0.2439t 2 -0.0704r' +7*10 't 1 

= -(U054 + 0.4878/-0.21 12t' + 2.8 *I 0 2 t' 

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

Jno/e-th~ra I ,.., 

(UW88- 0. 165t 2 + 0.0891/' - 0.0 1971"1 + 0.00 I St' 

' =-0.33!+0.2673/: -().0788!'+7.5*10 1 /~ 

- -() 33 + 0.5346/- 0.:?.364/' + 3 *I 0- 2 1 ·' 

lngl~-theta2 

_,. 

I = 1.4681+0.0039/ 2 -0.00211 1 +4.7204*10-\/\-3.7036*10-'t' 

.=. 7.8*10 
1
/-6.3*10-

1
/

2 +1.8881*10-'t' -1.8518*10- 4 / 1 

I = 7.8*1() 
1 

-J.26*J0- 2 /+5.6643*JO-J/c -7.4072*10-4 / 3 

lngle-theta5 

1.4478-0.Cl424t' +().()229/ 1 -0.0051/ 4 +3.9790*10 "t' 

, - -O.U848t + 0.06871' -0.0204/' + 1.9895 *I 0 1 t 1 

I =-0.0848+0.1374/-0.0612/' +7.958*10 1
/

1 

lnofe-theta6 b 

'I = 1.0744-0.1381!' +0.0746/ 1 -0.0165f 4 +0.0013/ 5 

! , = -0.2762r + o.2238r' - o.066t 1 + 6.5 * 1 o-' r" 

·1, = -0.2762 + 0.4476t- o.l98r 2 + 2.6 * 1 o-2 t' 

• 
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\PPE'\i DIX- C: Simulation Programs 

i l1c !\1IIm\ ing programs have been created \Vith RoboWorks simulation so!hvarc. The 
prugrams only display the main components used to build up the program in print vic\\ 
:tlthough each component is associated with relevant numerical figures. 

l'mgmm E 1 · S'imulution program oj's11·ing leg 

-~ F.oot 

- ··~ ~lope 

::::! TRAJ-!S.FCWrv1ATIOr'-l S.TAFT1 

:) F~OT A.TIONl 

+ TRANSLA.TIOr·n 

I;EJ CUE:E 
r3 TRAr·.JSFtJF:~-AAHJr·J S.TCtPl 

- ·~ Lt:it Lt:g 
=: T F'_AJ.J SF t:lF' r·.;tA TI 0 r .J S TAFT U 

+ TF:.AJ-JSLATIOr·m 

+ TF'M-1S.LATIOr·.J14 
·j F'_tJT.A.TJOr\117 

+ TRAJ-1S.LATitJr'.J25 

m C\LH.JDEF' 
+ T RAJ-! S.LAW:n-.142: 

:· l ROT ATICH-1::6 

+ TF'_Ar'-1SLATIOr\167 

m cvmmm 
+ TRAJ-1S.LATION100 

:) F:cn:...TION59 

f;EJ CUBE 
1'3 TF:.Ar·-1SFCtR~-;1ATION STCtPc:9 

- -~ F:1ghtlt:g 

m C'ylH'JDER 
=: TF:.AJ·-1S-FOF:J·-i1ATII:'r'-1 ST AFT6:: 

+ TRA.NS.LATIOr\1221 

- ~ F'c:n ATICH'-1B6 

+ TRA.r·-1SL.ATIOr·-122:~: 
m ,__:·iLH'-lDEF: 

+ T RAr'-1 SLATIO r·-12.::9 

') Rt:JTATIO~.J151 

+ W.AN S.LATIO r\1254 

m CVlJr'.JDEF~ 
+ TRAr'-1S.LATION2B 

:) F~Cn ATIOr·m:l 

f;EJ CUBE 
f3 TF:M-1S.FORMATIOr·J S.TOP61 

" 
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f>mgrwn £]:Simulation program ofstance leg 

··~ Poot 
- •:"' I:JRrJUPl 

::::: TR~J.JSFOPJvi~TIOf'.J ST.AF~.Tl 

+ TF'AJ.JSL~TIOr·.Jl 
:;p F~.OT A.TIOr•.Jl 

~ CUE:E 

13 TF:Ar\JSFOF:rv1ATIOr\J STOPl 
- ··~ (JROUP2 

:::: T F~Ar\J SF 0 F:rv1A TIO r·.J ST ARTll 

m CVL!r\JD ER 

+ WAr·.JSLATIOr·.JB 

~ CUE:E 

:~) ROT ATror·.J13 

+ WANSLATIOro.J20 

m CYLlr'-JD ER 

+ TR~J.JSLATIOr'-t::l 
:/ F~OTATIOro.m; 

+ TR~J'.JS.LA.TICrr·.J46 
m1 1 

.. 
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''mgrwn F3: Simulation program for simulation ofhoth legs 

--~ F~.oot 

··~ Slope: 
::::: TF:J\I .. l5-FOF:Iv1ATl'Jr'l ST A.F:T9 

:j F:ClT A.TI01'~92 

+ TRAJ.JSL.A.TIOI•.J146 

Qg CUE:E 

13 TRAI'<JSFOPiv1ATIOI'·l STOPl 

- ··~ E:oth Lt:gc 
=! TRAI'·lSFOF:.Iv1ATIOI\l STAPT12 

m ,=v1uwm 
+ TRAJ.JSLATIOI .. J55 

Qg CUE:E 

:) WTATIO~·J41 

+ TPJlJ.JSLATIOI .. J38 

m CYm.JDER 
+ TRAJ~SL.ATIOI.,J35 
:) ROT ATIOI\J35 

+ TRA~·lSLATJOI'.J44 
m CYLII.,lDEF: 

+ TRAr·.JSL.ATIOI·i63 

+ TF:Af'.J SL.ATIO I.,J91 

III C'•( Lli'.JD ER 

+ TF:J\JJ SLATIO I'.Jll4 
(} F:. CIT A.TJ!J r·.J71 

+ TRANSL.AT!Cli'.J141 

m '=YLII·~DER 
+ TRAJ.JSL.ATIOI\Jl70 

:;p F:.OT.ATIOI·~92 

+ TRAJ.JSLATIOI·.J199 

III CYLII'.JDEF:. 

+ TR.AJ.JSL.A.TIOI"i260 
:') F:OTATION109 

Qg CUE:E 

13 
~--------------~ 

.. 
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l'mgn1111 t'.-1 · Simulahon J7rogram ofhipeda! rohot lower bodv 11'ilh torso 

··~ Root 

··~ Slope: 

:::::: TRAJ.JSFORMATIOr .. J STA.RT9 

~:¥ ROTATIOr'-J92 

+ TRAJ.JSLATIOr•.Jl46 

Qg CUBE 

13 TRAr'.JS.FOF'J.,~1A.TIOr'-J STOP1 

-~ E:oth Lt:gc 

=: TRAJ.JSFOF~f./1ATIOr·.J ST AHT12 

m C'illr'-JD E F: 

+ TF~Ar·.JSLATIDr'.JSS 
Qg CUE:E 

~} ROTATIOr'-J41 

+ TF:.Ar·.JSLATIOr'-J3:~: 
m CYLI~·JDER 
+ TF:.ANSLATIOr .. J35 

~} PJJTATIOro.J35 

+ WAr'~SLATIDr'H4 
m CVLH'~DER 
+ TF:Ar'.JSL.ATIOr'-J6~: 
+ TF~#JSLATIO~·J91 
m CYLir·.JD ER 

=: TPAr .. JSFOF~J·.,~1ATIOro.J STAF'T61 

+ TRAJ.JSLA.TIOr .. J114 

~) ROT A TIO r·.J161 

+ TRAJ.JSLATUJr·B25 

m Ci L1 r .. JD E F' 

13 TRAJ.JSFOF'f·i1ATIOr·.J STOP49 

=: T RA.r·~ SF 0 Rrv1A.TIO r•J ST A.R.T:~:l 

+ TRAJ.JSLATIOr·BOO 

m CYLINDER 

+ TRM~SLAT!Or .. J291 

~) ROT A.TIO ~.J127 

+ TF:Ar'.JSLATION2:~:6 
m CVLir·:JD ER 
+ TF:ANSLATIOr·.J22:7 

~) ROT.ATror·n24 

+ TF'AJ'-JSLATIOr•BOO 

III c YLI r·m E F~ 
+ TRAJ.JSLATIOr.,E:n 

+ TF'ANSLA.TIOr'-1406 

~:)•" F:CIT ATIO r•.J143 

Qg CUBE 

13 TF~AJ'-lSFOF~Jv1A.TIOr•J STOP61 
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