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Abstract

Dynamics is a fundamental part on humanoid robotics. It relates torques with

joint accelerations that appear in the system. Due to the high computational

cost of obtaining the complete dynamic model of a humanoid robot, several

simplified models have been developed.

The aim of this work is to study different dynamics models for humanoid

robots, both simplified and complete ones.

First of all, several simplified models have been studied and implemented in

simulation. On the other hand, a simulation platform for humanoid robots has

been used for the creation of the complete models.

Finally, the behaviour of experimental platforms have been compared with

the behaviour of simplified models in simulation. These experimental platforms

have been the humanoid robot TEO (lower part body), the ankle prototype of

TEO, and the miniature humanoid robot HOAP-3.
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Chapter 1
Introduction

1.1 Motivation

Human evolution to bipedalism is an option for developing intelligent machines.

Robotics researchers, in order to imitate human intelligence, have the way by

developing biped robots, because they are following natural human evolution.

The human tries to imitate it by developing humanoid robots with similar capa-

bilities for working in its environments, to create an anthropomorphic partner

or assistant.

To achieve this goal, the study of the forces and moments in the robot is very

important in this field. The problem of the dynamics in a humanoid robot is a

required topic and plays an important role in the control of the motion of the

robot.

The dynamics is defined by the equation of motion, which relates torques

with joint accelerations. Using the direct dynamic, the accelerations are obtained

based on the torques. The inverse dynamics performs the opposite operation,

and allows obtaining the torques based on the accelerations. This is usually

used for generation of trajectories, control of stability, and mechanical design of

the robot.



2 Introduction

The aim of this work is to study different dynamic models for humanoid

robots, starting with the simplest models (mass concentrated models), and fi-

nally using the complete models. For this purpose, a study of the main sim-

plified models of humanoid robots is presented here, and they have been im-

plemented for simulation. For the creation of the complete dynamic models, a

simulation platform for humanoid robots has been used. Finally, the behaviour

of experimental platforms have been compared with the behaviour of simplified

models in simulation. These experimental platforms have been the humanoid

robot TEO (lower part body), the ankle prototype of TEO, and the miniature

humanoid robot HOAP-3.

1.2 State of the art

Humanoids have drawn a lot of attention from robotics researchers as their re-

search target. Also, they made people imagine various dreamy applications.

However, because of the difficulty of achieving a stable and reliable biped walk-

ing function, they were considered just a dreamy research target for researchers.

Since Honda developed a reliable humanoid, the reputation of humanoids has

been changing from just a research target to a machine which can be used for

practical applications.

There are mainly two types of research on humanoids. The first one is re-

lated to scientific interests. In this research, humanoid is pursued to investigate

what human intelligence is and to understand human behaviour in computa-

tional scientific ways. MIT, NASA, ERATO and the ATR groups are working

on humanoids from this point of view (those kind of humanoids are not our

reference).

The second type deals with developing a humanoid to use it practically. The

new trend of humanoid research has been made from the second type of re-

search. In such a trend, the Ministry of Economy, Trade and Industry (METI)
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Figure 1.1: The humanoid robot RH-1

in Japan started the Humanoid Robotics Project (HRP) to find real practical ap-

plications (Tanie, 1998), after that, HONDA demonstrated the feasibility of this

kind of robot, which is based on preliminary studies at Waseda University.

The robotics group RoboticsLab, at the Carlos III University of Madrid, has

been working for many years on the RH-project, a robust and open humanoid

platform for the research on biped walking, balancing control, sensor fusion,

human-robot interaction (HRI) for collaborative tasks, and other related issues.

The first robot of the project is RH-1, shown in Figure 1.1. It is an anthro-

pomorphic robot with 21 Degrees Of Freedom (DOF), a height of 1.5m, and a

weight of about 50kg. The main research objectives of this platform have been
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the stability of the robot (Kaynov, Soueres, Pierro, & Balaguer, 2009) and the

gait generation (Arbulu & Balaguer, 2007), though other research activities have

focused on human-robot interaction (Staroverov, Kaynov, Arbulú, Cabas, & Bal-

aguer, 2007) and collaboration (Pierro, Monje, & Balaguer, 2008). In fact, this

version, together with a previous one RH-0, aim at studying stable walking and

do not consider upper part movements related to physical collaboration. Al-

though stable walking has been achieved in this platform (Arbulu & Balaguer,

2007), several aspects have required an improvement. As a main problem, the

mechanical structure of this prototype was not very robust and presented lim-

itations such as the high flexibility of the whole body and the joints looseness,

which not only complicated the stability control but also limited the range of ap-

plications to be performed with the robot, not to mention the increase of energy

consumption.

However, the most relevant humanoid platforms came out as a step by step

improvement of different versions, such as Asimo (Sakagami et al., 2002), HRP-3

(Kaneko, Harada, Kanehiro, Miyamori, & Akachi, 2008), Hubo (Park, Kim, Lee,

& Oh, 2005), or Wabian-2 (Ogura et al., 2006). Other important platforms were

specifically designed for peculiar applications: Jonnie (Pfeiffer, Loffler, & Gien-

ger, 2002) was initially designed for fast-walking, and i-Cub (Metta, Sandini,

Vernon, Natale, & Nori, 2008) for research on embodied cognition. In this line,

the new prototype TEO (Task Environment Operator) appears as an improved

version of its predecessor RH-1. The humanoid robot TEO (Pérez et al., 2009)

addresses challenges in the fields of motion, safety, energy efficiency, and power

autonomy performance. The mechatronics of this platform is inspired by the

human natural and adaptive locomotion, and its design is oriented to achieve

human physical capacities and performances.

The internal model that runs simultaneously with the robot takes the same

information about the desired robot motion as the real hardware and based on

the dynamical model of the system, it calculates the required nominal control
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inputs that are needed to realize the desired joint trajectories. It is clear that the

performance of the robot depends very much on the accuracy of the model, that

is, how well the model represents the real-world system. This is the reason that

many dynamical models have been developed for the bipedal robots.

Modelling of human body walk has evolved from simple models such as an

inverted pendulum model (Kuo, 2007), (Garcia, Chatterjee, Ruina, & Coleman,

1998), (Kuo, 2001) and a mass-spring model (Geyer, Seyfarth, & Blickhan, 2005),

(Whittington & Thelen, 2009), to relatively complicated models that include rel-

atively high number of DOF (Shirata, Konno, & Uchiyama, 2004), (Yamaguchi &

Takanishi, 1997), (Collins & Ruina, 2005), (Peasgood, Kubica, & McPhee, 2007).

Primary goal of those models is to predict the internal and external forces during

a regular walking cycle. Detailed human body models can include calculations

of the most important muscle forces for particular types of motion. However,

for a robot that is actuated via rotational motors, calculation of particular mus-

cle forces is not needed, but the moments they produce about the corresponding

joints. There are two main reasons for the calculation of the joint torques.

(a) Based on a walking model, one can predict maximum torques that are

necessary to generate particular motion of a robotic structure. The maximum

torque and maximum power are necessary data to choose joint actuators. The

procedure of the actuators (motors) selection based on the robot dynamic model

is inherently iterative, since the mass distribution and consequently, the static

and dynamic forces are significantly dependent on the sizes and locations of the

chosen actuators.

(b) Torques at relevant joints for particular motion, calculated based on a

walking model, can be used to generate nominal control trajectories for a com-

plex walking robotic architecture. Those nominal trajectories can be calculated

offline or in real-time using an inverse plant model. The advantage of the last
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one is that the reference trajectories can be changed online depending on the

conditions imposed by environment rather than relaying on the previous calcu-

lated reference trajectories. This is essential for obstacle avoidance, which re-

quires that the reference trajectories are adjusted accordingly. Inclusion of more

degrees of freedom in a walking robot model normally leads to more precise

results, but also it leads to more efforts needed to understand the process and

what is happening with internal variables in the robotic structure.

A very important control concept in the field of bipedal robotics is the con-

cept of Zero Moment Point (ZMP). This is a point at the foot/ground contact

area where, for a dynamically stable walk, the sum of all moments about any

axis laying in the tangential plane of the contact equals zero, including mo-

ments due to external forces and due to inertial forces acting on the walking

robot architecture. The concept was introduced by Vukobratovic (Vukobratovic

& Juricic, 1969). Although the concept has been in application for bipedal robots

control tasks for more than 30 years, another concept related to the same prob-

lem has been introduced by Goswami (Goswami, 1999), so called, Foot Rotation

Indicator (FRI), with intention of ZMP concept generalization and extension of

its applicability. Foot Rotation Indicator is a point where the total ground re-

action should act such that the supporting foot stays parallel to the ground,

without any rotation. A bipedal robot loses stability if FRI point leaves the foot

ground contact area and, similarly, if ZMP reaches the foot edge, the robot walk

is marginally stable or unstable.

The models of humanoid robots can be organised into two categories; the

simplified models (models with concentrated mass) or the complete models

(models with distributed mass). A brief review of these models is given next.

Models with Concentrated Mass.

The group of relatively simple walking models is based on the inverted pendu-

lum structure with variations combining a spring or two springs and dampers.

The simple models include one or two variables with overall mass concentrated
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into a point, a Centre Of Mass (COM). Six Determinants model (Kuo, 2007) has

been used in the past to analyze the human gait cycle. Due to inconsistency with

theoretical and experimental results, this model has been replaced by Inverted

Pendulum model, which gives results much closer to those obtained experimen-

tally. One of the major inconsistencies of the regular Inverted Pendulum model

results with the experimental results is the zero energy input, which means that

the model does not consider the energy lost during the gait cycle. A more ad-

vanced, but still one of the simplest models for human gait analysis is Mass and

Spring Inverted Pendulum (MSIP) model (Geyer et al., 2005). The point mass

is equal to the total mass of the body concentrated into the Centre Of Gravity

(COG). The spring connects the ground Contact Point (CP) and the COG, and

its deflections include all changes of the distance between the CP and the COG

points due to flexions/extensions of the hip, knee, and ankle joints.

Models with Distributed Mass and Multiple Degrees of Freedom.

Complex bipedal walking models and their practical implementation bipedal

robots are generally based on the human body anatomy (Shirata et al., 2004),

(Yamaguchi & Takanishi, 1997). However, all those models and implementa-

tions include fewer DOF of motion than the DOF existing in the human body.

Another example is the methods proposed by (Albert & Gerth, 2003), the

Two Masses Inverted Pendulum Mode (TMIPM) and the The Multiple Masses

Inverted Pendulum Mode (MMIPM), which consist of simulating the perfor-

mance of the biped walking motion by adding pendular motions on each biped

link.

1.3 Objectives

This work deals with the different dynamic models for humanoid robots. The

simplified models for humanoid robots present some advantages, for instance,
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the study and implementation can be easy to aim. On the other hand, the com-

plete models for humanoids are complex to implement.

The principle objectives of this work are presented next:

• To study the main simplified models for humanoid robots and their mo-

tion equations.

• To develop the studied simplified models in simulation. They will be im-

plemented using Matlab and two of its tools, Simulink and SimMechanics.

For this purpose, a file which is based on the motion equations for every

model will be created using Simulink. Furthermore, the mechanical model

in simulation will be implemented for every model using SimMechanics.

• To compare the behaviour of experimental platforms with simplified mod-

els. The behaviour of some models in simulation will be compared with

the obtained results in real platforms. To achieve this goal, the ankle pro-

totype and the lower part body of the humanoid robot TEO will be used

as test platforms.

• On the other hand, the creation of complete models for humanoid robots

will be achieved. For this purpose, two robotics platforms will be used, the

humanoid robot TEO and the miniature humanoid robot HOAP-3. The

virtual robots will be modelled using a simulation platform. The selected

platform is OpenHRP3, that is a simulation platform focused on humanoid

robotics.

• Once the complete models are modelled and simulated in the OpenHRP3

platform, some tests will be accomplished using the experimental plat-

forms. The simulation results and the real ones will be compared, and

this will allow validating the complete models of humanoid robots created

with OpenHRP3.
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1.4 Structure of the document

This work is arranged into seven chapters as follows:

• In order to know the simplified models for humanoid robots used in this

work, a brief explanation is presented in Chapter 2.

• The presented models in the previous chapter are implemented using Mat-

lab as the software for simulation. Chapter 3 shows how the models have

been created and explains the required files for simulation. In addition,

the simulation results of two models are presented in this chapter.

• After the models have been implemented, they need to be tested in simu-

lation. Chapter 4 shows the simulation results in the single inverted pen-

dulum model. Moreover, the experimental results in the ankle prototype

are presented in order to compare the behaviour of this platform with the

single inverted pendulum model.

• Chapter 5 presents the humanoid robot TEO, which is used as the exper-

imental platform. A test is performed using the lower part body of the

robot. In order to know if the platform can behave as the double inverted

pendulum model, the test results are compared with the results obtained

in simulation using this simplified model.

• In order to develop complete models, the simulation platform OpenHRP3

has been used. Chapter 6 presents the created models in simulation for

the humanoid robots TEO and HOAP-3. These robots are used as experi-

mental platforms, and the simulation and experimental results are shown

here.

• Finally, conclusions and future works are discussed in Chapter 7.





Chapter 2
Simplified Models of Humanoid

Robots

2.1 Introduction

This chapter presents a brief study of the main simplified models of humanoid

robots. First of all, the concepts required to understand correctly the models are

explained. In the following sections, the models and their motion equations are

presented.

2.2 ZMP and COG concepts

Firstly, it is necessary to consider theoretical aspects of humanoid locomotion,

the ZMP concept and COG. Several models are based on the measurement of

the ZMP, which is the point with respect to which the dynamic reaction force at

the contact of the foot with the ground does not produce any moment.

So as not to consider the complex dynamics of the entire upper body of the

mechanism we can replace its influence by force FA and moment MA applied

to the point A where the foot is connected with the leg. Also, the weight of the
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Figure 2.1: Forces acting on the foot of the bipedal mechanism

foot acts at its gravity centre (point G). Finally, the contact of the foot with the

ground produces its reaction force R at point P (Figure 2.1).

After the ZMP is clarified for the part below the ankle (foot) of the biped

mechanism, it is necessary to consider how it can be interpreted for the entire

robot. In addition to the forces which appeared at the contact point of the biped

mechanism with the ground (reaction force and the friction), there are two other

principal forces acting on the entire robot’s body to take into account. They are

gravity and inertial forces.

The human body can be considered as a chain of rigid links (hands, feet,

body, etc.), joined by articulations with relative movements between them. Each

link is subject to gravity and inertial forces. The best simplification that we can

make is to consider that these forces act on the unique point - the COG.
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Figure 2.2: Forces acting on a humanoid (sagittal plane)

In Figure 2.2, point G is the Centre of Gravity of the humanoid, P is the point

where the ground reaction force ~R is applied,m~g is the gravity force and, ~a is the

inertial acceleration of the COG. It is important to mention that inertial forces are

provoked by acceleration of the links and entire COG. Its analytical expression

is: Finertia = m~a.

As it has been discussed during the previous chapter, the mass concentrated

models can be used to model the dynamics of a robot. So in this chapter, the

different used models in this work will be explained.

2.3 Single inverted pendulum model

In a very simplified way, the dynamic model of the humanoid robot TEO can be

considered similar to the inverted pendulum model, shown in Figure 2.3.

The similarity is established under the following assumptions. The mass of

the humanoid (m) is concentrated at its COG (tip of the pendulum), which is at a

distance l from the floor. The mass of the rigid link is then considered negligible.

Besides, the action (torque T ) that allows the mass m to move a specific angle

θ at a speed θ̇ (movement of the COG during the walking action) is effected by

a servomotor (ankle of the humanoid robot) fixed at the end of the link (floor).
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Figure 2.3: Single inverted pendulum model

This servomotor performs the control action to ensure the stability of the system

during the walking action

To write the equation of motion of the pendulum (Khalil & Grizzle, 1992), let

us identify the forces acting on the tip. There is a downward gravitational force

equal to m~g, where ~g is the acceleration due to gravity. There is also a frictional

force resisting the motion, which is assumed to be proportional to the speed of

the tip with a coefficient of friction k. Using Newton’s second law of motion, the

equation of motion in the tangential direction can be written as

mlθ̈ = −m~g sin θ − klθ̇. (2.1)

Writing the equation of motion in this direction has the advantage that the

link tension, which is in the normal direction, does not appear in the equation.

To obtain a state model for the pendulum, let take the state variables as x1 = θ

and x2 = θ̇. Then, the state equations are

ẋ1 = x2,

ẋ2 = −g
l
sinx1 −

k

m
x2.

(2.2)
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From the physical description of the pendulum, it is clear that it has only

two equilibrium positions corresponding to the equilibrium points (0, 0) and

(π, 0). Physically, we can see that these two positions are quite distinct from

each other. While the pendulum can indeed rest at the (0, 0) equilibrium point, it

can hardly maintain at the (π, 0) point because infinitesimally small disturbance

from that equilibrium will take the pendulum away. The difference between the

two equilibrium points is in their stability properties.

Another version of the pendulum equations arises if we can apply a torque

T to it. This torque is viewed in our case as a control input in the equation

ẋ1 = x2,

ẋ2 = −g
l
sinx1 −

k

m
x2 +

1

ml2
T.

(2.3)

The model matching technique (Isidori, 1997) is used, based on the input-

output linearization of the system. The equations obtained from the application

of this technique are the ones presented next: ẋ1

ẋ2

 =

 x2

−g
l sinx1 −

k
mx2

+

 0

1
ml2

u,
y = x1.

(2.4)

Therefore, the direct relation between the input and output of the system is

given by

ÿ = −g
l
sinx1 −

k

m
x2 +

1

ml2
u, (2.5)

with u = T and y = θ. To simplify the use of the equation (2.5), constants have

been defined as follows:

p1 = −g
l

(2.6)

p2 = − k

m
(2.7)

ri =
1

ml2
(2.8)
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Then, the result of (2.5) using these constants is:

ÿ = p1 sinx1 + p2x2 + riu. (2.9)

The purpose is to obtain the control law u so that y follows θref as θr follows

θref , that is, a control law that the whole dynamics matches the model M(s) =

θr
θref

obtained previously by experimental identification. In order to do so, we

define u as

u = ml2[(
g

l
sinx1 +

k

m
x2) + v], (2.10)

so that ÿ = v (from (2.5)). Choosing

v = θ̇r + a(θr − y), (2.11)

it is obtained that

ÿ = θ̇r + a(θr − y). (2.12)

The value of a is selected by trial-error process in order to obtain the minimum

tracking error.

2.4 Double inverted pendulum model

Another dynamic model used in this work is the double inverted pendulum

(Kaynov, 2008). It is used to implement simultaneously both the ZMP and the

posture control acting on the ankle and hip joints to maintain the stability of

a humanoid robot. A double pendulum consists of one pendulum attached to

another. The mechanism is divided into two principal parts, the upper body and

the bottom part with its own COM. The motion of the upper part controls the

body posture and the motion of the bottom part of the pendulum controls the

ZMP of the humanoid robot. A double inverted pendulum system is described

in Figure 2.4.

Consider a double bob pendulum with masses m1 and m2, the total mass of

the humanoid robot (M ) is the sum of both masses. They are attached by rigid
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Figure 2.4: Double inverted pendulum model

massless wires of lengths l1 and l2. Also, the angles the two wires make with the

vertical be denoted θ1 the ankle rotation and θ2 the hip rotation.

To obtain the state representation of the double inverted pendulum system

it is necessary to define state variables x1, x2, x3 and x4 as

x1 = θ1 (2.13)

x2 = θ̇1 (2.14)

x3 = θ2 (2.15)

x4 = θ̇2 (2.16)

The outputs of the system are θ1 (rotation of the pendulum about the ankle)

and θ2 (rotation at the hip).

y =

 y1

y2

 =

 θ1

θ2

 =

 x1

x3

 . (2.17)
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Then the state space representation of the system is
ẋ1

ẋ2

ẋ3

ẋ4

 =


0 1 0 0

g(m1+m2)
m1l1

0 − m2g
m1l1

0

0 0 0 1

−g(m1+m2)
m1l2

0 g(m1+m2)
m1l2

0

 .

x1

x2

x3

x4

+


0 0

1
m1l21

− 1
m1l1l2

0 0

− 1
m1l1l2

(m1+m2)
m1m2l22

 .
u1
u2

 ,
(2.18)

where u =

u1
u2

 =

τ1
τ2

 is a vector consisting of control torques for both joints

(hip and ankle motor’s torques).

To simplify the equation (2.18), different constants have been defined:

p1 = −g(m1 +m2)

m1l1
(2.19)

p2 = −m2g

m1l1
(2.20)

ri1 =
1

m1l21
(2.21)

ri2 = − 1

m1l1l2
(2.22)

p3 = −g(m1 +m2)

m1l2
(2.23)

p4 =
g(m1 +m2)

m1l2
(2.24)

ri3 = − 1

m1l1l2
(2.25)

ri4 =
(m1 +m2)

m1m2l22
(2.26)

The state space representation of the system using the constants above is
ẋ1

ẋ2

ẋ3

ẋ4

 =


0 1 0 0

p1 0 p2 0

0 0 0 1

p3 0 p4 0

 .

x1

x2

x3

x4

+


0 0

ri1 ri2

0 0

ri3 ri4

 .
u1
u2

 . (2.27)
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Then the output equation is

 y1

y2

 =

 1 0 0 0

0 0 1 0

 .

x1

x2

x3

x4

 . (2.28)

2.5 Cart-table model

This model is based on the ZMP preview control scheme that obtain the COG

trajectory from a defined ZMP trajectory (Kajita et al., 2003). The relationship

between the ZMP trajectory and the COG trajectory is defined by the following

equations:

px = x− ẍ

g
zc, (2.29)

py = y − ÿ

g
zc, (2.30)

where, in the sagittal plane, px is the ZMP reference, x is the COG trajectory, ẍ is

the COG acceleration, zc is the COG height, and g is the gravity (Figure 2.5).

For the frontal plane the procedure is the same but using the y component

of these terms. In the cart-table model, the cart mass corresponds to the COM

of the robot. If the cart accelerates with a proper rate, the table can be upright

for a while. At this moment, the moment around px is equal to zero, so the ZMP

exists.

τZMP = mg(x− px)−mẍzc. (2.31)
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Figure 2.5: Cart-table model

2.6 Chapter summary

The main simplified models of humanoid robots have been presented in this

chapter. Besides, some concepts have been explained in order to understand the

models correctly. The presented models have been the single inverted pendu-

lum, the double inverted pendulum, and the cart-table.



Chapter 3
Simulation of Simplified Models

3.1 Introduction

After the description of the models, this chapter details the procedure followed

to analyse them. The models have been created using Matlab and Simulink

as simulation platform. Moreover, the add-on of Simulink, SimMechanics, has

been used to create the models.

3.2 Software for simulation

Simulating the dynamics of multibody systems is a common problem in en-

gineering and science. Several programs are available for that task which are

either symbolical computation programs to derive and solve the dynamic equa-

tions of motion, or numerical programs which compute the dynamics on the

basis of a 3D-CAD model or by means of a more abstract representation, e.g. a

block diagram.
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3.2.1 Simulink

Simulink is an environment for multidomain simulation and Model-Based De-

sign for dynamic and embedded systems. It provides an interactive graphical

environment and a customizable set of block libraries that let you design, simu-

late, implement, and test a variety of time-varying systems, including commu-

nications, controls, signal processing, video processing, and image processing.

Simulating a dynamic system is a two-step process. First, the user creates a

block diagram, using the Simulink model editor, that graphically depicts time-

dependent mathematical relationships among the system’s inputs, states, and

outputs. The user then commands the Simulink software to simulate the system

represented by the model from a specified start time to a specified stop time.

3.2.2 SimMechanics

SimMechanics is an add-on for the GUI-based simulation environment Simulink.

Mechanical systems are represented by connected block diagrams. Unlike nor-

mal Simulink blocks, which represent mathematical operations, or operate on

signals, Physical Modelling blocks represent physical components, and geomet-

ric and kinematic relationships directly. SimMechanics models, however, can be

interfaced seamlessly with ordinary Simulink block diagrams. This enables the

user to design e.g., the mechanical and the control system in one common en-

vironment. Various analysis modes and advanced visualization tools make the

simulation of complex dynamical systems possible even for users with a limited

background in mechanics.

3.3 Simplified models in simulation

The models have been modelled using the programs described previously. Each

model has three files, one file for Simulink, one file for SimMechanics and an-

other one m-file of Matlab. The last file includes the parameters of the model,
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for instance, the weight and the length of the pendulum, and other information

as the acceleration due to gravity or the coefficient of friction.

It is important to note that the simulation results of the explained models in

Section 3.3.2 and Section 3.3.4 will be presented in this chapter.

On the other hand, the simulation results of the rest of the models will be pre-

sented in the next chapters, due to the fact that the behaviours of these simplified

models will be compared with the behaviours of the experimental platforms.

3.3.1 Single inverted pendulum model

Using the description of the model in Section 2.3, the single inverted pendulum

has been modelled with Simulink and SimMechanics.

Figure 3.1: Single inverted pendulum m-file

3.3.1.1 M-File

This file is necessary to define the parameters and constants of the model. For

instance, the mass and length of the tip of the pendulum. Furthermore, the
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constants used and explained in Section 2.3 are in this file, see Figure 3.1. Finally,

a perturbation of the system can be introduced by the user.

3.3.1.2 Simulink

The model created for simulation using Simulink is shown in Figure 3.2. The

Figure 3.2: Single inverted pendulum Simulink model

inputs of the model are on the left side, such as the sequence that will follow the

pendulum, and the required constants. The embedded matlab function converts

the values of the angles in the appropriate torque that moves the pendulum.

Finally, the Subsystem implements the equations of the model, using as inputs

the torque calculated before, and a perturbation that it can be selected by the

user. Figure 3.3 shows the subsystem that implements the Equation (2.5). Its

outputs are the acceleration and the position of the pendulum, as can be seen in

Figure 3.3.



3.3 Simplified models in simulation 25

Figure 3.3: Subsystem

3.3.1.3 SimMechanics

This file represents the physical model of the single inverted pendulum (shown

in Figure 3.4). The model is created using SimMechanics and is explained next.

Figure 3.4: Single inverted pendulum SimMechanics model
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The mechanical system composed of four blocks can be seen on the left side.

Firstly, the machine environment block defines the mechanical simulation envi-

ronment for the machine, the gravity, the analysis mode, the constraint solver

type, visualization, etc.

Furthermore, the model has got a ground block that grounds one side of

a joint to a fixed location in the world coordinate system. The revolute block

is situated above and represents one rotational degree of freedom. It has got

two ports, the follower (F) body rotates relative to the base (B) body about a

single rotational axis. Base-follower sequence and axis direction determine sign

of forward motion by the right-hand rule. Besides, sensor and actuator ports

can be added to this block.

Figure 3.5: Single inverted pendulum SimMechanics mechanical model

Finally, the body block is used to represent a rigid body. The body is defined

by mass, inertia tensor, and coordinate origins and axes for Centre of Gravity.
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Moreover, the body initial position and orientation can be set, apart from

the optional settings for customized the body geometry and colour. Figure 3.5

shows the machine modelled using the explained blocks.

As the Simulink model, this model is controlled through a torque control.

The input torque is composed of the torque due to gravity and the equilibrium

torque, which is calculated for every position given by the repeating sequence

interpolated block. This signal is used as the input of the joint actuator that

moves the pendulum.

The angle and the computed torque of the system can be measured using the

position sensor, which is connected to the sensor port of the revolute block. The

position is compared with the reference position, the obtained position of the

Simulink model, and the given reference.

3.3.2 Control of the single inverted pendulum

As the model explained in Section 3.3.1, this is a single inverted pendulum but

the difference is that this file includes a control loop.

3.3.2.1 M-File

The main m-file (Figure 3.6) of this model is the same as the used file in Section

3.3.1. The user is asked to set the value of the angle rotation and the perturbation

of the system.

Besides, this model runs another file that contents a motor model. This file

is shown in Figure 3.7.
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Figure 3.6: Single inverted pendulum controlled m-file

Figure 3.7: Motor model file
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3.3.2.2 Simulink

The simulink file has been created using the equations of the single inverted

pendulum and the model matching technique to obtain a linear system as has

been explained in Section 2.3.

The model is shown in Figure 3.8 and the single inverted pendulum model

created in Section 3.3.1.2 can be seen on the right side. The blocks that represent

the Equation (2.10) are located below, and the calculated torque is the input of

the pendulum. On the left side, there is a control loop that tries to minimize the

error between the reference and the real position of the pendulum. The obtained

signal is using to calculate the position and velocity references, this is calculated

into the subsystem shown in Figure 3.9. The subsystem includes a state-space

block and its parameters are the motor model parameters, which have been cal-

culated previously in the motor model file. The outputs of the model are the

angle rotation and the acceleration of the pendulum.

Figure 3.8: Single inverted pendulum controlled Simulink model
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Figure 3.9: Subsystem

3.3.2.3 Simulation results

This model has been simulated in order to validate its correct implementation

using Simulink.

Figure 3.10: Single inverted pendulum controlled Simulink model for simulation

The given trajectory for simulation has been created using signal builder
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blocks, as can be seen in the lower part of Figure 3.10. The reference takes differ-

ent position values between 10deg and −10deg, and the simulation time is 10sec.

Moreover, the parameters of the system are m = 10kg, l = 1m, g = 9.8m/sec2,

and a = 0.8.

Figure 3.11: Simulation results in Simulink

After the simulation test, the results in Simulink are presented in Figure 3.11.

The position reference and the obtained positions in simulation can be seen in

the figure. The simulation model has followed the given reference, although its

response has not been entirely good. It can be noticed that the model could not

track correctly the trajectory, and a delay exists between the given trajectory and

the obtained values. However, this test has been presented as a first approach,

and the control loop could be adjusted in order to achieve a correct performance

of the system.

3.3.3 Double inverted pendulum model

According to the description of the model in Section 2.4, the double inverted

pendulum has been modelled with Simulink and SimMechanics.
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Figure 3.12: Double inverted pendulum m-file

3.3.3.1 M-File

This file is necessary to define the parameters and constants of the model. For

instance, the masses and lengths of the double pendulum. Moreover, the con-

stants defined in Section 2.4 are in this file, see Figure 3.12. The user is asked

to introduce the angles of rotation respect to the vertical for both pendulums.

These values are used to calculate the required equilibrium torques that allow

the system to reach to the position given by the user. Finally, a perturbation for

each system can be introduced by the user.

3.3.3.2 Simulink

The created model with Simulink is shown in Figure 3.13. The inputs of the

model are on the left side. They are the equilibrium torque for each pendulum

calculated before in the m-file, and the perturbations.
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Figure 3.13: Double inverted pendulum Simulink model

Figure 3.14: Subsystem
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Figure 3.15: Double inverted pendulum SimMechanics model

The subsystem shown in Figure 3.14 has got the necessary blocks that imple-

ment correctly the Equations (2.18) explained in Section 2.4.

The first pendulum, which represents the lower part body, can be seen on

the left side. Its outputs are the angle and acceleration of the ankle.

On the right side, the upper part body can be seen. Its outputs are the angle

and acceleration of the hip, and they are calculated in this subsystem. Then, they

are represented graphically on the right side of the main system.

3.3.3.3 SimMechanics

The SimMechanics file for this model is very similar to the created file for the

previous model. The file contains one pendulum attached to another, as can be
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Figure 3.16: Subsystem

seen in Figure 3.15. These pendulums are located on the left side, and each one

has got its own actuator and sensor.

The double inverted pendulum is controlled through a torque control, as

well as the single inverted pendulum. In each pendulum, the input torque is

composed of the torque due to gravity and the calculated equilibrium torque.

These signals are used as the input of each joint actuator and have been calcu-

lated in the two subsystems located in the middle of the model. One of these

subsystems is shown in Figure 3.16.

As the model for the single pendulum, the position sensors connected to the

sensor ports in both revolute joints allow measuring the angle and the computed

torque for every system. The angle is compared with the obtained angle of the

Simulink model, and the torque is compared with the equilibrium torque used in

both systems (Simulink and SimMechanics). Figure 3.17 shows the mechanical

model of the double inverted pendulum. The green pendulum is the lower part

body and the red one represents the upper part body.
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Figure 3.17: Double inverted pendulum SimMechanics mechanical model

3.3.4 Cart-table model

According to the description of the model in Section 2.5, the cart-table model

Figure 3.18: Cart-table m-file
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Figure 3.19: Cart-table Simulink model

has been modelled with Simulink and SimMechanics.

3.3.4.1 M-File

This file is necessary to define the constants of the model. For instance, the cart

mass, the COG height and the gravity (Figure 3.18). Moreover, the user is asked

to introduce the acceleration in the frontal and sagittal plane.

3.3.4.2 Simulink

The model shown in Figure 3.19 calculates the trajectory of the COG en both

planes, around axis x (sagittal plane) and axis y (frontal plane). For this purpose,

different blocks have been used to implement the Equations (2.29) and (2.30).

The inputs of both systems are the COG height, the mass of the cart and

the respectively acceleration. The outputs are the ZMP reference in both axes,

which are used to calculate the moments around these points. The moments



38 Simulation of Simplified Models

Figure 3.20: Subsystem

are calculated into two subsystems, which are located below the main model

explained previously, using the Equation (2.31). One of these subsystems can be

seen in Figure 3.20. Whether the values of the calculated moments are equal to

zero, then the ZMP exists.

3.3.4.3 SimMechanics

Figure 3.21 shows the cart-table model in SimMechanics. To develop this model,

new blocks have been used as the weld block that represents a joint with no

degrees of freedom. These blocks have been used to create the lower part of the

table, due to it is a rigid body with no relative motion respect to the ground.

As the cart motion is translational on the upper part of the table, it has been

used a new block called in-plane. This block represents two translational de-

grees of freedom in two primitive prismatic axes. Sensor and actuator ports can

be added to these blocks.

The SimMechanics model, as well as the Simulink model, is actuated using
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Figure 3.21: Cart-table SimMechanics model

Figure 3.22: Subsystem
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the acceleration that it has been obtained of the m-file. Apart from the acceler-

ation, the position and velocity are required, and they have to be introduced as

one signal in the actuator block. Two joint actuators are used to actuate the two

different degrees of freedom of the cart. Once the model is actuated, two joint

sensors allow measuring the ZMP reference and acceleration of the cart in both

axes. This information is used to calculate the moment around ZMP into two

subsystems, as can be seen in Figure 3.22. The moments are calculated using the

Equation (2.31).

The machine of the cart-table model is shown in Figure 3.23. The table is

green and violet, and the cart is over the table.

Figure 3.23: Cart-table SimMechanics mechanical model
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Figure 3.24: Cart-table machine in simulation

3.3.4.4 Simulation results

The cart-table model has been simulated in order to validate its correct imple-

mentation using Simulink and SimMechanics. Before simulation, the user has

been asked for the acceleration in both axes (X and Y). The acceleration values

are 0.01m/sec2 for the X axis and 0.02m/sec2 for the Y axis, and the simulation

time is 2sec.

The simulation of the SimMechanics model is shown in Figure 3.24. At the

beginning of the simulation, the cart is the centre of the table (shown on the left

side). At the end of the simulation, the cart is located in another position due to

the acceleration given to the cart, as can be seen on the right side. The Simulink

model was also simulated, and the results are compared with the SimMechanics

model. The results of the obtained ZMP for the X axis are shown in Figure 3.25,

and the results of the obtained ZMP for the Y axis are shown in Figure 3.26.



42 Simulation of Simplified Models

Figure 3.25: Obtained ZMP for X axis in Simulink and SimMechanics models

Figure 3.26: Obtained ZMP for Y axis in Simulink and SimMechanics models

Making a comparison of the results for the given trajectory, it can be noticed

that the physical model created using SimMechanics can work in a similar way
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to the theoretical model created using the equations of motion of the cart-table

model in Simulink. The obtained values are the same in both models and in both

axes, as can be seen in Figure 3.25 and in Figure 3.26.

Due to the fact that good results have been achieved in the comparison be-

tween the Simulink and the SimMechanics model, in next the chapters the be-

haviour of the experimental platforms will be compared with the simulation

results of the SimMechanics simplified models.

This choice has been made due to the creation of models in SimMechanics

is simpler than in Simulink. SimMechanics allows modelling systems without

knowing exactly their dynamics, since the models are created using blocks that

imply directly the dynamics of the system.

On the other hand, another advantage of creating models using SimMechan-

ics is that this tool offers a virtual representation of the systems. Moreover, to

compare the behaviour of the experimental platforms with the models in simula-

tion a control method is required, reason why, a control loop has been developed

in every SimMechanics model.

3.4 Chapter summary

In this chapter the creation of the simplified models in simulation has been ad-

dressed. The models have been created from the motion equations of every

model and using Simulink as software for simulation. The mechanical models

have been implemented using SimMechanics.

The single inverted pendulum model explained in 3.3.2 has been simulated.

The simulation results have shown that the model could not track correctly the

trajectory, reason why, some adjustments are necessary.

Moreover, the cart-table model has been simulated, and the results of the

simulation have been presented in this chapter. Once the comparison of the re-

sults is made, it can be concluded that the model created with SimMechanics
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works similarly to the theoretical model(Simulink model) for the given trajec-

tory.

Finally, SimMechanics becomes an easy tool for the creation of simplified

models as has been said previously. The behaviour of the experimental plat-

forms will be compared with the behaviour of the created models using SimMe-

chanics in next chapters.



Chapter 4
Ankle Prototype as Experimental

Platform

4.1 Introduction

Before creating the humanoid robot TEO, a test platform has been developed.

This platform is the prototype of the ankle of this robot and is shown in Fig-

ure 4.1.

The ankle prototype includes two DOF; one on the sagittal plane and another

one on the frontal plane. The height of the ankle is 1m and has an approximate

weight of 10kg.
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Figure 4.1: Prototype of the ankle

The prototype behaves as the single inverted pendulum and can perfor-

mance two different motions due to two DOF situated at the frontal and sagittal

planes.

So, we can make a comparison between the theoretical model of the single

inverted pendulum model and the real platform, using the DOF in the sagittal

plane. This allows us to know if the prototype works as the created models in

Matlab.
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Figure 4.2: Motors and encoders of the prototype of the ankle

4.2 Hardware description

As has been said previously, the prototype has two DOF and they are controlled

individually through different motors. Each DOF has an integrated system

called Maxon 315586 System that consists of a DC motor and a relative encoder

shown in Figure 4.2.

There are other works as (Álvarez, 2011) and (Del Olmo, 2011), where it is

explained how the prototype works. The hardware structure of the ankle can be

seen in Figure 4.3, including the used elements and the communication between

all of them.
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Figure 4.3: Hardware structure of the prototype

4.3 Simulation results

In order to test the correct performance of the single inverted pendulum in sim-

ulation, several tests have been done. As has been said in the previous chapter,

the tested simulation model will be the one created using SimMechanics.

In order to achieve this goal, we have used a trajectory that is shown in Fig-

ure 4.4. The reference takes different position values between 10deg and −10deg,

and the simulation time is 10sec. Moreover, the parameters of the system are

m = 10kg, l = 1m, g = 9.8m/sec2, k = 0.1, and a = 0.8.

It is important to notice that this reference is not the most appropriate ref-

erence signal for simplified robot models tests, since it implies sharp changes

in the position of the joint. The used reference is a step signal, which is used

to characterize the system. This type of signal allows knowing how the system

responds to a sudden input.

Figure 4.4 presents the simulation results in SimMechanics. The position
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reference and the obtained positions in simulation can be seen in the figure. The

simulation model has followed the given reference, and its response has been

good, since the model uses a control loop that allows it to reach the required

position values.

Figure 4.4: Simulation results of the single inverted pendulum

After the test is completed, a sequence of motions of the mechanical model

during the simulation is shown in Figure 4.5.

The figure presents in the upper part from left to right the situation of the

machine in 0sec, 3sec, 5sec, and the corresponding moments of 7sec, 9sec and

10sec can be seen in the lower part from left to right.
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Figure 4.5: Simulation of the SimMechanics mechanical model

Figure 4.6: Test result of the ankle prototype



4.4 Experimental results 51

4.4 Experimental results

Once the Matlab model has been simulated, the behaviour of an experimental

platform has been compared with the behaviour of the single inverted pendu-

lum model. The used platform for this purpose has been the ankle prototype. A

reference trajectory has been given, that has been used previously for the simu-

lation of the SimMechanics model.

The prototype has been programmed using the method described in (Álvarez,

2011) and (Del Olmo, 2011).

Figure 4.6 shows the required position of the joint, and the obtained position

of the ankle prototype after the test. The prototype can reach the required values,

but the system response is not the expected one. The motor of the prototype

includes an internal control loop, reason why, it can follow this reference doing

slow motions. It is important to notice that the adjustment of this control loop is

not one of the objectives of this work.

4.5 Discussion of results

As has been said previously, the given reference is not the most appropriate.

This reference requires a fast response of the system, and it allows us to charac-

terize the system.

First of all, the SimMechanics model has been simulated, and it could follow

the reference due to the included control loop in the model.

Finally, the test of the ankle prototype has not been entirely bad. The proto-

type could achieve the required positions values through the included control

loop of the motor.

Nevertheless, other tests have been achieved using the ankle prototype with

good results. For instance, in (Álvarez, 2011) can be seen some tests using the

experimental platform, and a simulation of a model based on the ankle and cre-

ated using Matlab, as can be seen in Figure 4.7. This work deals with the design
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Figure 4.7: Velocity control of the drivers of the ankle prototype

and implementation of a control architecture for the humanoid robot TEO. The

used references in this work have been slow and smooth, and the ankle proto-

type could perform them successfully. An example of the given references is

shown in Figure 4.8, the slopes of this trajectories are easy to achieve for the

prototype.

4.6 Chapter summary

The ankle prototype has been used as an experimental platform in this chapter,

and its behaviour has been compared with the behaviour of the single inverted

pendulum model, that has been created using SimMechanics.

The test results have been presented and discussed in this chapter. Due to

the given reference, the simulation and experimental results have not been en-

tirely good. As has been explained previously, the reference signal implies a fast

response of the system.
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Figure 4.8: Obtained results after a test

The SimMechanics model could follow the required values in simulation,

since it has its own control loop. On the other hand, the response of the ankle

prototype was not so fast as it was required, since the given reference to the

system has been a step signal. Nevertheless, other tests have been achieved

using smooth trajectories as given references. The results of one of these test

have been presented in this chapter.





Chapter 5
Humanoid Robot TEO as

Experimental Platform

5.1 Introduction

Humanoid robot TEO (Task Environment Operator) is the successful result of

several years of research by the robotics group RoboticsLab at the Carlos III

University of Madrid. It is an advanced version of RH-1, a prototype totally

developed within the research team RoboticsLab.

This robot has 28 DOF: six in each leg, six in both arms, two in the torso

(waist), two in the chest (head), and two DOF due to the cameras. The distribu-

tion of DOF is shown in Figure 5.1. Its height is 1, 65m and it has an estimated

weight of 70kg.
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Figure 5.1: Distribution of DOF of the robot TEO

The main objective is that the robot can perform different tasks in collabora-

tion with humans in working environments, for instance, it will be able to carry

an object with an approximate weight of 2Kg. As a first approach, the lower

part of its body has been assembled, as can be seen in Figure 5.2.
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Figure 5.2: Lower part body of the humanoid robot TEO

5.2 Hardware description

The hardware architecture proposed for the humanoid robot TEO is based in

two microprocessors as computational system. The main microprocessor con-

trols the lower part of the robot, and the other one the upper part. The chosen

microprocessor is the model SBC Gemini 5.2” Embedded Intel Core 2 Duo of

ARCOM (Figure 5.3).

The first microprocessor sends the signal of control to the motors located in

the legs of the robot. Moreover, it uses the information obtained from the sensors

in order to guarantee the stability of the robot during the walking action.

The other microprocessor controls the movements of the arms, and receives

the environment information given by the sensors. Taking into account this in-

formation, the robot can perform several tasks. For instance, it can handle ob-

jects, avoid obstacles, etc.
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Figure 5.3: SBC Gemini 5.2” Embedded Intel Core 2 Duo of ARCOM microprocessor

Figure 5.4: Maxon Brushless EC45 Flat 251601 motor

Using this architecture, a distributed system between two microprocessor is

achieved. These microprocessors are connected to the microprocessors of the

drivers and the encoders. The aim of this architecture is to obtain a high level

of achievement. The motors that move the joints of the lower part of TEO are

Brushless DC motors. The used motors are a Maxon Brushless EC45 Flat 251601

(Figure 5.4), for the sagittal joints, and a Maxon Brushless EC45 Flat 339287, for

the frontal and axial joints. These motors include a Hall sensor to measure the

relative position, and using a relative encoder coupled to the motor, the velocity

of the motor can be measured.

These devices are controlled through the ISCM8005 driver of Technosoft, the

device is shown in Figure 5.5.

A control position of the motors is required, to achieve this goal absolute
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Figure 5.5: ISCM8005 driver

Figure 5.6: 7500 AEAS absolute encoder

encoders are needed. They allow us to know the position of the motor, and then

the absolute position of the joint. The selected absolute encoder is 7500 AEAS of

Avago Technologies, shown in Figure 5.6.

The robot TEO needs to get information to work properly. Most of this in-

formation is obtained using force-torque sensors. The selected sensors are JR3

of JR3 Inc (in Figure 5.7), and they are located in the ankles and in the wrist of

the robot. The aim of these sensors is measure the force and the torque applied

in the contact point of the robot with other objects or the floor.
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Figure 5.7: JR3 force-torque sensor

Furthermore, the robot TEO will include other type of sensors that allows it

to work correctly depending on the environment and the required task.

Finally, it is worth mentioning the energy source for TEO (Monje et al., 2011).

As a first approach, we have considered a fuel cell as a possible candidate to

be the energy source for the robot. The key feature of small fuel cells to be

used as battery replacements is the running time without recharging. We are

currently working on the specific requirements regarding the whole fuel system

installation.

5.3 Simulation results

In order to test the correct performance of the double inverted pendulum model

using SimMechanics and shown in Section 3.3.3, several simulations have been

done. A reference trajectory has been created for both DOF (Figure 5.8), and it

is very smooth. The reference for the DOF of the ankle takes different values

between −27deg and −10deg, and the values of the reference for the DOF of the

hip are between −17deg and −10deg. The simulation time is 8sec and the sample

time is 0.002. Moreover, the parameters of the system are m1 = 50kg, l1 = 1m,

m2 = 20kg, l2 = 0.2m, g = 9.8m/sec2, and k = 0.1.

First of all, the reference trajectories have been loaded and simulated using

the SimMechanics model. The given references are the one presented previously
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Figure 5.8: References for the simulation of the double inverted pendulum

in Figure 5.8. Once the simulation is completed, the simulation results of the

DOF of the ankle are shown in Figure 5.9, and the obtained results of the DOF

of the hip can be seen in Figure 5.10.

The response of the SimMechanics model is good, as can be seen in Figure 5.9

and Figure 5.10. Both joints have followed the given trajectories and reached

most of the required values in simulation. However, it can be noticed that the

ankle joint could not track the lowest values of the trajectory, and this could be

fixed changing the PID controller parameters.

Moreover, a sequence of motions of the mechanical model during the simu-

lation is shown in Figure 5.11.

The figure presents in the upper part from left to right the situation of the

machine in 0sec, 1sec, 2sec, and the corresponding moments of 4sec, 6sec and

8sec can be seen in the lower part from left to right.
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Figure 5.9: Simulation results of the DOF of the ankle in SimMechanics

Figure 5.10: Simulation result of the DOF of the hip in SimMechanics
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Figure 5.11: Simulation of the SimMechanics mechanical model

5.4 Experimental results

The experimental test has been done using the lower part of the humanoid robot

TEO. For this purpose, we have used the sagittal DOF located at the ankle and

the hip of the robot. It is important to notice that the DOF of the knee is also

needed to perform a better motion, and it has been used in this test. The given

reference trajectories to the robot joints have been used previously for the simu-

lation of the SimMechanics model, and they have been shown in Figure 5.8.

A sequence of motions of the robot during the performance can be seen in

Figure 5.12. Due to the fact that the reference is a smooth trajectory, the hu-

manoid robot TEO has been able to perform correctly the required motions. Both

joints have been reached the position values, as can be seen in Figure 5.13 and

Figure 5.14.
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Figure 5.12: Sequence of motions of the robot TEO

5.5 Discussion of results

After the test has been done, good results have been achieved. Firstly, the Sim-

Mechanics model has been simulated, and both joints (ankle and hip) could

track correctly the required position values.

Once the trajectories have been validated in simulation, they have been tested

in the real platform. The robot TEO could perform properly the given references

for both joints.

As can be seen, the lower part of the humanoid robot can behave similarly

as a double inverted pendulum.

5.6 Chapter summary

The humanoid robot TEO has been presented in this chapter, and the behaviour

of this platform has been compared with the behaviour of the double inverted
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Figure 5.13: Positions of the ankle of the robot TEO

Figure 5.14: Positions of the hip of the robot TEO
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pendulum model.

The test has been done using the lower part body of the robot (legs). Very

good results have been achieved, and they have been presented and discussed

in this chapter.

The SimMechanics model could follow the required values in simulation,

and the performance of the robot TEO has been good.

To summarize, the lower part body of the robot TEO behaves in a similar

way as the double inverted pendulum model.



Chapter 6
OpenHRP3 Simulation Platform

for Modelling and Test Validation

of Humanoid Robots

6.1 Introduction

The existence of computer simulation platforms is fundamental in robotics re-

search, especially if it is with humanoid robots, since it allows us to develop the

complete models for humanoid robots, the controllers and the necessary pro-

gramming without compromising the complex and expensive mechanical sys-

tem. In general, the objectives that the simulators allow us to approach are:

• To visualize three-dimensional work environment and the model of the

robot in motion.

• To provide a test centre for the development and evaluation of controls

and software of the robot.

• To serve as a graphical user interface, which can even be interactive in real

time with the robot.
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A necessary requirement for really effective simulations is that the mechanical

behaviour of the virtual robot answers as closely as possible to the real robot, so

the preparation work for a good virtual reality simulation platform turns out to

be crucial. Thereby, the programming developed over the simulator will be able

to be inherited by real applications.

One of the first principles and overviews of dynamic simulators was given

in Baraff and Witkin (Witkin, 1997). The more advanced guidelines and the

important problems that should be considered in humanoid dynamic simula-

tions are mentioned in the General Human/Humanoid-Dynamics Simulator,

proposed in Vukobratovic et al (Vukobratovic, Potkonjak, & Tzafestas, 2004). Al-

though one can discuss the proposed implementations, e.g., the contact model,

the paper provides some general guidance for the simulator design and the ef-

fects that should be taken into account in the dynamics simulations. Notably,

they are a flexibility at the joints when the transmission between the motor

and the corresponding joint is not completely rigid, but features some elastic-

ity (one additional DOF) and a flexible (deformable) contact between the robot

foot and the ground, i.e., elastodynamic contact (Fujimoto, Obata, & Kawa-

mura, 1998)(Sugihara & Nakamura, 2003). One of the most widely used sim-

ulators, particularly for mobile robots, is the Player/Stage Open Source frame-

work (Gerkey, Vaughan, & Howard, 2003). This consists of a Player robot device

server and a 2D Stage multiple robot simulator. The main objective of the frame-

work is research into multi-robot systems, with experiments and control of large

population of robots without having to buy real hardware counterparts.

The Gazebo (Koenig & Howard, 2004) platform, an add-on to the Player/Stage

framework, is based on OpenGL graphics, specifically on the GLUT toolkit, and

Open Dynamics Engine. However, it should generally work in conjunction with

Player software running on the robot, and it is mostly applied to mobile robot

control. Some simulators, e.g., in Ponticelli and Armada (Ponticelli & Armada,
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2006), are developed purely in Matlab using Simulink toolboxes, such as SimMe-

chanics, and visualizing systems, such as VRML Viewer toolbox. This approach

enables rapid controller design and testing, but it lacks some important features

such as surface modeling, and consequently has no collision detection feature.

OpenRAVE (Diankov, 2010) (The Open Robotics Automation Virtual Envi-

ronment) is a robotics planning and simulation tool. As OpenHRP3, it could

almost be considered a complete software architecture, with certain limitations

(in OpenRAVE, all component must run on the same machine). Its architecture

is plug-in driven and supports the integration of custom functionalities, such as

planning, control, or sensing modules, that are loaded at run time. The simula-

tor is designed to be multi-platform, and many of the components are reusable.

Interaction with the simulator can be performed through high level scripts in

scripting environments such as Python, Octave or Matlab. Integration with ROS

has also been achieved.

Existing robotics simulators include, among others, Honda and Sony simu-

lators (proprietary for ASIMO and the QRIO), the Fujitsu HOAP simulator (Fu-

jitsu sells HOAP with a basic simulation software), RoboWorks (a commercial

software developed by Newtonium), SD/FAST (by Symbolic Dynamics, which

provides nonlinear equations of motion from a description of an articulated sys-

tem of rigid bodies), and Webots (a commercial software by Cyberbotics). Even

Microsoft has developed a product named Microsoft Robotics Studio, which is

primarily used for mobile robots.

It is important to mention the OpenHRP3 platform (Kanehiro, Miyata, & Ka-

jita, 2001)(Kanehiro, Hirukawa, & Kajita, 2004) Open Architecture Humanoid

Robotics Platform) as a simulator and motion control library for humanoid robots

developed at NIAIST (National Institute of Advanced Industrial Science and

Technology (Japan)). This is a distributed framework based on CORBA (Com-

mon Object Request Broker Architecture), created with the idea of sharing a

code between real and virtual robots, and ultimately of developing identical
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controllers for real and virtual robots. This is a free solution that will be used in

this work to model the humanoid robots TEO and HOAP-3 and simulate walk-

ing patterns before the final test in real time with the real robots.

6.2 OpenHRP3 platform

OpenHRP3 (OpenHRP3 official site, 2008) (Open Architecture Humanoid Robotics

Platform, version 3) is a simulation platform for humanoid robots and software

development. It allows the users to inspect the original model of the robot and

the control program across a dynamic simulation. In addition, OpenHRP3 pro-

vides several calculation software components and libraries that can be used to

develop software related to robotics.

To use OpenHRP3 the following programs, libraries, and programming lan-

guages are needed (Yamane & Nakamura, 1999): Microsoft Visual Studio, BOOST,

CLAPACK, and TVMET libraries, graphical environment OpenRT, Adaptive

Communication Environment (ACE), ORB, Python, Java, and Jython. OpenHRP3

is currently supported on Ubuntu Linux platforms 7 or later and Windows XP

and Vista (32bit/64bit). In our case we use Windows XP 64bit.

This virtual humanoid robot platform consists of a simulator of humanoid

robots and motion control library for them, which can also be applied to a com-

patible humanoid robot as it is. OpenHRP also has a view simulator of hu-

manoid robots on which humanoid robot vision can be studied. The consis-

tency between the simulator and the robot is enhanced by introducing a new

algorithm to simulate repulsive force and torque between contacting objects.

OpenHRP is expected to initiate the exploration of humanoid robotics on an

open architecture software and hardware, thanks to the unification of the con-

trollers, and the examined consistency between the simulator and a real hu-

manoid robot.

The configuration of OpenHRP is shown in Figure 6.1. OpenHRP can simu-

late the dynamics of structure-varying kinematic chains, both open chains and
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Figure 6.1: OpenHRP3 functions

closed ones such as humanoid robots (Object Management Group, 1997). It can

detect the collision between robots and their working environment (including

other robots) very fast and precisely, computing the forward dynamics of the

objects. It can also simulate the fields of vision of the robots, force/torque sen-

sors, and gradient sensors according to the simulated motions. The sensor simu-

lations are essential to develop the controllers of the robots. OpenHRP is imple-

mented as a distributed object system on CORBA (Gottschalk, Lin, & Manocha,

1996). A user can implement a controller using an arbitrary language on an

arbitrary operating system if it has a CORBA binding.

The dynamics simulator of OpenHRP consists of five kinds of CORBA servers

(see Figure 6.1) and these servers can be distributed on the Internet and executed

in parallel. Each server can be replaced with another implementation if it has

the same interface defined by IDL (Interface Definition Language). Using the

language independence feature of CORBA, ModelParser and OnlineViewer are

implemented using Java and Java3D, other servers are implemented using C++.

The functions of each server are as follows.

• ModelParser. This server loads a VRML file describing the geometrical

models and dynamics parameters of robots and their working environ-

ment, and provides these data to other servers.

• CollisionChecker. The interference between two sets of triangles is in-

spected, and the position, normal vector, and the depth of each intersecting

point are found. RAPID (Robotics Application Programming Interactive

Dialogue) is enhanced to this end.
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• Dynamics. The forward dynamics of the robots are computed.

• Controller. This server is the controller of a robot, which is usually devel-

oped by the users of OpenHRP.

• OnlineViewer. The simulation results are visualized by 3D graphics and

recorded.

Using the servers, the forward dynamics of the robots are computed in the

following procedure. The total control flow is shown in Figure 6.1.

• Setting up of the simulation environment. ModelParser reads a VRML file

via HTTP protocol. The kinematics and dynamics parameters are sent to

Dynamics and the geometric model is to CollisionChecker.

• Execution of the dynamics simulation. Controller reads the outputs of the

simulated sensors while communicating with Dynamics. Controller and

Dynamics execute the computations. Note that these computations can

be run in parallel. The outputs of Controller are the torques of the actua-

tors, and those of Dynamics are the updated states of the robot. While the

forward dynamics is computed, CollisionChecker is called to find the po-

sition, normal vector, and the depth of each intersecting point. After these

computations, Controller sends the control outputs to Dynamics.

• Visualization and recording. The current states of the world are sent from

Dynamics to OnlineViewer, which visualizes the simulated world and records

it.

6.2.1 OpenHRP3 simulation interface

The simulation interface of the OpenHRP3 platform is shown in Figure 6.2.

The interface of this simulator is basically divided into three parts. The first

part (Figure 6.2, Part 1, left) shows the tree structure of the different modules
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Figure 6.2: OpenHRP3 interface

loaded for the simulation. These modules can be the model of the robot, the

model of the environment, the collision (Collision Pair) and control modules,

and the graphical display package, among others. A command window is avail-

able at the right side of Part 1 to introduce command lines directly.

The second part is directed to display the robot model during the simula-

tion (Figure 6.2, Part 2). In this area there are two toolbars, the vertical and the

horizontal ones, which allow us to modify aspects of the display of the robot

environment, take pictures, and record videos of tasks.

The third part is placed at the right of the interface (Figure 6.2, Part 3).

It displays the signals that represent the evolution of the joint variables dur-

ing the simulation (position, velocity, acceleration), as well as the information

of the different sensors included along the mechanical structure of the robot

(force/torque sensors, etc ).

6.3 Creating models in OpenHRP3

For modelling in OpenHRP, the VRML (The Virtual Reality Model Language, n.d.)

file describing the geometrical model and dynamics parameters of the robot

must be created. The main joint of the model is the WAIST, and the upper (arms)

and lower (legs) bodies are defined from it, in this order.
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The Humanoid node is the root node of the model. Along with it, Joint and

Segment nodes (joint and link, respectively) are basic elements of VRML, and

define the type of each joint (Joint) and its corresponding shape (Segment).

Once the VRML model of the robot is created according to the geometrical

and dynamic parameters provided, the file can be loaded as a module in the tree

structure of the simulator interface, as defined previously.

In order to reduce the computation cost and speed up the test procedure, it

has been modelled a more basic shape of the robot instead of modelling its real

appearance, which would imply a more complex VRML file to be computed.

6.3.1 TEO model

As has been said in Chapter 5, the humanoid robot TEO has 28 DOF, six in each

leg, six in both arms, two in the torso (waist), and two in the chest (head). Its

height is 1,65 m and it has an estimated weight of 60 kg. The VRML structure

that realtes the different DOF of the TEO is shown in Figure 6.3.

6.3.2 HOAP-3 model

The miniature humanoid robot HOAP-3 (FUJITSU, 2005) (Humanoid for Open

Architecture Platform) has been developed by Fujitsu in collaboration with Fu-

jitsu Automation Lab (Figure 6.4).

The HOAP-3 robot has a height of 60 cm and an approximate weight of 8 Kg.

It has 28 DOF distributed as shown in Figure 6.5 (up). The VRML structure that

relates the different DOF of the robot is shown in Figure 6.5 (down).

6.4 Simulation and experimental results

Our purpose is to test the motion patterns obtained in the previous section in the

real robots. Prior to this experimental test, the OpenHRP3 simulation platform is

used to check the stability of the robots during the motion pattern in simulation.
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Figure 6.3: VRML structure of TEO
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Figure 6.4: Humanoid robot HOAP-3

The specifications of the computer used include CPU:Intel Core Duo 2.4GHz,

RAM Memory: 2GB, and OS: Windows XP 64 bits.

The VRML file of the corresponding robot model is loaded in the modules

tree of the simulator, together with the CollisionChecker and Controller modules

defined by OpenHRP3.

In order to generate stable walking patterns of the humanoid, we have used

the cart-table model (Kajita et al., 2003). This model is based on the ZMP preview

control scheme, that obtain the COG trajectory from a defined ZMP trajectory.

The model has been studied in Section 2.5. Once the COG trajectory is obtained,

the trajectories of the lower body joints are calculated applying inverse kinemat-

ics.

Finally, once the stability of the robots is guaranteed in simulation, the joints

trajectories are loaded in the real platforms.
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Figure 6.5: Distribution of DOF in HOAP-3 (up) and VRML structure (down)
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6.4.1 Simulation and experimental results for TEO

In the motion pattern simulated for the robot TEO, the robot bends its knees

twice. The simulation time, in this case, is 8 seconds. After the simulation test,

the stable sequence of motions are tested in the real platform (lower part body of

the robot). Very good results are obtained, as can be seen in Figure 6.6 comparing

the experimental and simulation joint angles measured by the robot encoders

and simulator angular position sensors, respectively.

The whole task can be seen in the following video http://www.youtube.com/

watch?v=90JENgbeZvU, the robot performs the motion pattern in real time, and

the simulation in OpenHRP3 is shown in a left window, see Figure 6.7.

6.4.2 Simulation and experimental results for HOAP-3

In the motion pattern simulated for the robot HOAP-3, the robot walks 12 step

forward. The step distance selected is 8 cm, a COG height of 32 cm, and a pre-

view time of 0.75 sec. The simulation time in this case is 18 seconds. After

the simulation test, the joints trajectories are loaded in the real HOAP-3 plat-

form, and the walking test is performed. Very good results are obtained, as

can bee seen in Figure 6.8 comparing the experimental and simulation joint an-

gles measured by the robot encoders, and simulator angular position sensors,

respectively.

According to the good results obtained, a more complex and complete se-

quence of motions has been tested in HOAP-3 following the same procedure

explained here. Several dance steps have been performed by HOAP-3, as can be

seen in the following video showing the robot dancing in real time in an exhi-

bition during 3 minutes: http://www.youtube.com/watch?v=mu5psxG7bwA.

As can be seen in the video, the simulation in OpenHRP3 is run and shown in

a top window during the performance. The simulation also includes the same

environment as the real one (forest area), as can be seen in the sequence shown

in Figure 6.9.
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Figure 6.6: Trajectories for both right and left legs joints (12 DOF), in OpenHRP3 and real
TEO
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Figure 6.7: Sequence of motions for TEO during the performance



6.4 Simulation and experimental results 81

Figure 6.8: Trajectories for both right and left legs joints (12 DOF), in OpenHRP3 and real
HOAP-3
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Figure 6.9: Sequence of motions for HOAP-3 during the performance

Another important approach is the manipulation of objects using HOAP-

3. For that purpose, it is necessary to measure the torque applied to the robot

wrists. The HOAP-3 platform has two force sensors on-board, one in each wrist.

The objective is to introduce these torque measurements in simulation, and cre-

ate an environment where the robot can operate freely, and interacting with ob-

jects in a stable way. As can be seen in the sequence shown in Figure 6.10 (up),

the robot raises his arms until the hands touch the wall. The torques in each

wrist are measured by two torque sensors included in the model of HOAP-3 in

OpenHRP3, one in each wrist. The torque measurements for the right and left

wrist are the ones shown in Figure 6.10 (down).

In addition to using the force sensors, the vision sensors can be included

to improve the interaction with other robots or objects. These sensors allow

the user to measure the depth and colour of the images captured by the robot

during the simulation. In the sequence shown in Figure 6.11, the robot performs

two right sidesteps, and the images received for the robot are located in the right

part of every screenshot.
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Figure 6.10: Sequence of motions for HOAP-3 touching a wall (up); Torques of right (up) and
left (down) wrists during the touching motion (down)

Figure 6.11: Sequence of motions for HOAP-3 in front of a wall
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6.5 Chapter summary

In this chapter, the potential of the OpenHRP3 platform has been used to cre-

ate the virtual model of the humanoid robots TEO and HOAP-3, and simulate

different motions.

The cart table model has been used to obtain stable motion patterns for the

robots. These patterns have been tested in simulation in order to check their

stability.

After this validation, experimental tests have been performed with the real

robots with very good results, comparing simulation and experimental data and

showing the efficient performance of the robot model in OpenHRP3.



Chapter 7
Conclusions and Future Works

7.1 Conclusions

As mentioned in the introduction, this workd has focused on the study and

implementation of different dynamic models for humanoid robots in simulation.

Some main conclusions derived from the work carried out here can be grouped

into the following points:

• First of all, the main simplified models for humanoid robots have been pre-

sented. Moreover, the motion equations of every model have been studied.

• The selected simplified models in simulation have been implemented us-

ing Matlab and two of its tools, Simulink and SimMechanics. The required

files for every model have been created and explained.

• The validation of the models in simulation has been achieved.

• The behaviour of the ankle prototype has been compared with the be-

haviour of the single inverted pendulum model in SimMechanics. The

simulation and experimental results have not been entirely good, since the

given reference has been the most appropiate for simplified robot models

tests.
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• The behaviour of the humanoid robot TEO has been compared with the

behaviour of the double inverted pendulum model in SimMechanics. The

test has been done using the lower part body of the robot (legs), and very

good results have been achieved in simulation and in the experimental

test.

• On the other hand, the complete models for humanoid robots in simula-

tion have been created. To get this goal, the humanoid robot TEO and

the miniature humanoid robot HOAP-3 have been used as experimental

platforms. The virtual models have been modelled using the simulation

platform OpenHRP3.

• Once the complete models have been modelled and simulated using the

OpenHRP3 platform, some tests have been accomplished on the experi-

mental platforms in order to compare the results in simulation and the

real ones. This has been allowed to validating the complete models of hu-

manoid robots created with OpenHRP3.

7.2 Future works

There are some interesting lines of research opened in this work which can be

followed up in the future into the research group RoboticsLab at the Carlos III

University of Madrid.

It was found that a control loop is needed in some simplified models in sim-

ulation. This is the case of the created models using Simulink, and a control

loop could allow them to work properly. The control method will be selected

depending on the requirements of the system. This will lead to a better control

of the experimental platforms.

Once the humanoid robot TEO is fully assembled, its complete model in sim-

ulation will be tested and validated using the simulation platform OpenHRP3.
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New steps are also being taken towards the simulation of manipulation tasks

with these robots. For this purpose, a wall has been integrated in the HOAP-3

simulation environment, and the torques in the robot wrists when they get in

contact with the wall are measured by torque sensors included in the model of

the robot in OpenHRP3. This type of test will also be performed with TEO once

the whole robot assembly process is finished.

Apart from OpenHPR3, another simulation platform could be used. Nowa-

days, OpenRAVE is being used as a robotic simulation platform. It is designed to

be multi-platform, and many of the components are reusable. Interaction with

the simulator can be performed through high level scripts in scripting environ-

ments such as Python, Octave or Matlab. The complete models of the humanoid

robot TEO and the HOAP-3 could be developed and simulated using Open-

RAVE, and the simulation results could be compared with the obtained ones in

OpenHRP3.
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Staroverov, P., Kaynov, D., Arbulú, M., Cabas, L., & Balaguer, C. (2007). Creat-

ing a gesture recognition system based on shirt shapes. In International Confer-

ence on Climbing and Walking Robots, CLAWAR’07.

Sugihara, T., & Nakamura, Y. (2003). Contact phase invariant control for hu-

manoid robot based on variable impedant inverted pendulum model. In IEEE

International Conference on Robotics and Automation, ICRA’03 (Vol. 1, pp. 51–56).

Tanie, K. (1998). Fnr: Toward a platform based humanoid project. In Interna-

tional Symposium on Robotics Research, ISRR (Vol. 8, pp. 439–445).

The virtual reality model language. (n.d.). Available from http://www.web3d

.org/x3d/specifications/vrml/VRML1.0/index.html

Vukobratovic, M., & Juricic, D. (1969). Contribution to the synthesis of biped

gait. IEEE Transactions on Biomedical Engineering(1), 1–6.

Vukobratovic, M., Potkonjak, V., & Tzafestas, S. (2004). Human and humanoid

dynamics. Journal of Intelligent and Robotic Systems, 41(1), 65–84.



94 REFERENCES

Whittington, B., & Thelen, D. (2009). A simple mass-spring model with roller

feet can induce the ground reactions observed in human walking. Journal of

Biomechanical Engineering, 131, 011013.

Witkin, A. (1997). Physically based modeling: Principles and practice con-

strained dynamics. SIGGRAPH Course notes, 11–21.

Yamaguchi, J., & Takanishi, A. (1997). Development of a leg part of a humanoid

robot - development of a biped walking robot adapting to the humans’ normal

living floor. Autonomous Robots, 4(4), 369–385.

Yamane, K., & Nakamura, Y. (1999). Dynamics computation of structure-

varying kinematic chains for motion synthesis of humanoid. In IEEE Inter-

national Conference on Robotics and Automation, ICRA’99 (pp. 714–721).


