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Summary
Walking quadruped robots can easily stand in a stable position, the di�culty lies within the walkingalgorithm. Four legged animals have di�erent gaits for di�erent speeds, e.g. crawl, trot, pace and gallop.The generation of fast and stable walking motions requires algorithms that can take into account thedynamical e�ects and stability issues. A dynamical model of a quadruped robot can be used for generatingnew motions, with advanced algorithms, e.g. reinforcement learning or evolutionary algorithms. Thesealgorithms need multiple test runs. These test runs on a practical robot have several disadvantages. Amodel does not su�er from the disadvantages of a robot, which makes it suitable for multiple test runs.In this report a method is presented to develop and verify a multi-body dynamical model of a quadrupedrobot.The robot, used in this report, is the ERS-7 Aibo from Sony. It is a four legged robot and consistsof 20 actuated joints and 19 body parts. First the design and implementation of the model is presented.Di�erent kinds of contact models with the oor are discussed and a choice is made to use a compliantcontact model. The motor speci�cations are not publicly available, only the speed limits are known andhave been included into the model. Finally the mechanical end stops of the joints are modeled by limitingthe input signals of the controller.Some dynamical parameters of the used robot are not publicly available. Several methods are discussedto obtain the missing data, one estimation method is used. The estimation method uses a pendulummodel. The model is �tted on measurement data, which is obtained from the real robot. The results, thatwere obtained using an extensive pendulum model, gave the best estimation of the missing parameters.The dynamical model is veri�ed with the real robot, to see if the behaviors are comparable. A stablewalk is implemented in the model as well as in the real robot. The result shows that the model representsthe real robot gait accurately.
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Chapter 1
Introduction and Problem De�nition

1.1 Introduction
Robots are used for speci�c repetitive motions in many di�erent areas and in di�erent environments, e.g.assembly and manufacturing plants, explorations in seas and outer space. Robots outperform humanson speed, accuracy and exibility. Their disadvantages are the lack of capability to think independently,to collaborate with other robots, to learn from mistakes and to adapt to changes in their surroundings.Many walking robots are currently only capable of walking on a level oor with a known surface. Anychanges to the surface will often make the robot unstable or incapable to walk, unless it adapts its walkinggait. Robots should be able to adapt their walking pattern and direction, because of external changeslike wear of the motors, the texture of the ground and moving objects.To develop new walking algorithms, a walking quadruped robot is used from Sony Corporation [SonyCorporation, 2005b], called the ERS-7 Aibo. Aibo means `Friend' in Japanese and is a commercialproduct, built to entertain people in day-to-day life. Aibo is a mature toy with many di�erent sensors andactuators, as can be seen in Figure 1.1. It is used in many di�erent research areas such as vision, robotics,arti�cial intelligence and embedded systems. The Aibo is an ideal platform to test new algorithms andideas, because Sony is actively promoting the standard interface software \OPEN-R" [Sony Corporation,2005a] for programming the robot. To compare these new algorithms and ideas, research groups aroundthe world are validating their work in RoboCup's 4-Legged Soccer Leagues [The Robocup Foundation,2005]. The goal of this competition is to exchange knowledge and to promote robotics and arti�cialintelligence research. Another goal is to let the Aibo play soccer as realistically as real human soccer.This means that the robots play in a real environment, with e.g. real ground texture, wear of the motorsand collisions with other robots.
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Figure 1.1: The physical ERS-7 Aibo with sensors and actuators [Sony Corporation, 2005a]



2 1. INTRODUCTION AND PROBLEM DEFINITION
One of the teams that participates in the RoboCup is the Dutch Aibo Team [Dutch Aibo Team, 2005].This group is a cooperation between the Decis-Lab and the universities of Amsterdam, Eindhoven, Delft,Groningen, Twente, Saxion Hogescholen and Utrecht. It was founded in 2004 and its main focus is onmodeling and building collaborative autonomous intelligent systems. This report is part of the DutchAibo Team.

1.2 Problem De�nitionThe di�culty with walking robots is the creation and optimization of the walking pattern. The manydegrees of freedom makes it di�cult to create a walking pattern that is stable and fast. Implementing awalking pattern can be done in di�erent ways. It can be tuned by hand, which is time consuming andthe result is stable but slow. Another option is to generate walking patterns with algorithms that areable to adapt to changes of the environment and can be optimized to be stable and fast. In order to testand develop such algorithms there are two options. The algorithm can be implemented on the real Aibo,or the algorithm can be tested on a computer, using a model of the Aibo that simulates its behavior.The implementation on the Aibo has the advantage of the direct usage of the real environment and thedynamics of the Aibo. Developing new algorithms is a slow process, since the software should be compiledand put on the memory stick. The interface of the Aibo is limited with some leds and a speaker, and isdi�cult to use for debugging. A limiting factor for optimization problems is the onboard CPU, whichmakes it di�cult to �nd the solution within a reasonable time. Other disadvantages are the limited powerof the battery and the failures that can occur due to the hardware (jams of the legs) and the software.Successful studies have been done on generating motions with evolutionary algorithms calculated on areal Aibo [R�ofer, 2004] [D�u�ert and Ho�mann, 2006].The other option is to optimize the walking patterns based on a multi-body dynamical model, likeStelzer et al. [2003]. With a dynamical model of the Aibo, it is possible to design new motions on acomputer, without the use of a real Aibo and its disadvantages. The model can be used with advancedlearning algorithms to generate robust walking patterns. For the RoboCup competition, the model couldbe used to implement new motions for handling the ball and creating e�cient kicks and defence moves.The goal of this thesis is to develop a multi-body dynamical model of the ERS-7 Aibo, which can beused to develop stable motions and optimal walking gaits. The model has to give a realistic representationof the real Aibo motions and will need the same dynamical parameters. The model must be veri�ed withthe real Aibo. The objectives of this research are to:� Design a multi-body dynamical model of the ERS-7 Aibo� Estimate the missing dynamical parameters� Verify the model
1.3 OutlineThe outline of this report is as follows. Chapter 2 describes the dynamical model of the ERS-7. First thekinematics are shown and the dynamical factors are given as well as the inuences of the environmenton the robot. Several parameters in the created model have to be estimated and two methods are usedto obtain these values in Chapter 3. The model is then tested with a walking motion in Chapter 4. Itis shown that the dynamical model of the Aibo is walking just like the real Aibo. Finally in Chapter 5,conclusions of this research are drawn with recommendations for further research.



Chapter 2
Modeling of a Quadruped Robot
Modeling the Aibo has been done in di�erent studies for di�erent purposes, see for example Stelzer et al.[2003], Hengst et al. [2002] and Hardt and von Stryk [2002]. These models are based on the older versionof the Aibo, the ERS-210. The new version, now used in the RoboCup's 4-Legged Soccer Leagues, isthe ERS-7. This new robot is bigger, the CPU is faster and its motors are improved with respect to theERS-210. The models in previous studies were developed to optimize the gait of the ERS-210 and theimplementations of the oor contact were di�erent. Some studies used a paw motion, where the leg wasattached to the oor without friction [Hengst et al., 2002]. Other studies modeled the ground contactwith inelastic collisions, resulting in instantaneous jumps in the state velocities [Hardt and von Stryk,2002] [Stelzer et al., 2003]. The approach in this report will describe the oor inuences in a continuousmanner, as well as the new kinematic layout of the ERS-7.In Section 2.1, the choice of the simulation software is discussed. Then, the kinematics of the Aiboare given in Section 2.2, followed by the dynamics in Section 2.3. In the last section, the controller isshown with its sensors and actuators.
2.1 Simulation Software
The dynamics of a quadruped robot model needs simulation software that can model the kinematics,dynamics and the constraints. There should be an option to easily optimize the parameters as well asthe possibility to animate and show the results of the simulation. Finally, the resulting model should beexported to other software packages, in C-code or Matlab-code.Modeling of dynamical structures is possible in many programs. For working with movies and 3Danimations, Blender [Blender, 2005] is a good option and can be linked with the programming languagePython. For simulation with rigid bodies the Open Dynamics Engine [Open Dynamics Engine, 2005]is a good program and has the advantage that it is open source. For fast prototyping and simulationthe commercial software package Webots [Webots, 2005] could be used, which is linked with the OpenDynamics Engine. For simulations and dynamics the simulation package 20-sim [Control Lab Products,2005] can also be used. This program has a 3D mechanics toolbox for modeling multi-body mechanismsas port-Hamiltonian systems. The model can be exported to Matlab-code or C-code. The choice wasmade to use 20-sim for modeling the Aibo, because the support for modeling multi-body mechanismsis very intuitive and the implementation of constraints is easily done. The software uses real-time codegeneration and the correctness of the results are veri�able. The software is developed at the Universityof Twente, which gives a good support for debugging and implementing the models.
2.2 Kinematics
The ERS-7 Aibo is a quadruped robot. As can be seen in Figure 2.1, it has three degrees of freedom perleg, three degrees of freedom for its head movement, two degrees of freedom for its tail and one degree



4 2. MODELING OF A QUADRUPED ROBOT
of freedom for its mouth. Each ear has two joints of which one is actuated and the other is passive. Intotal, the dynamical model of the ERS-7 has 19 body parts and 20 actuated joints.
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Figure 2.1: Sketch of the body parts and joints of the ERS-7 Aibo
The Aibo kinematics are given in the manual from the OPEN-R SDK [Sony, 2004] together with thekinematic model for Java, as Light Wave Objects, also provided by Sony. This documentation is usedto make a model in the 3D Mechanics Toolbox of 20-sim. This toolbox can generate a numerical modelthat can be used in the simulation software of 20-sim.In Appendix A several tables are given with the speci�c data. The relative positions between thebodies are given in Table A.1. The physical properties of each body part are shown in Table A.2. Thelengths are measured and veri�ed with the data from OPEN-R, whereas the masses and inertias areestimated as given in Chapter 3.

2.3 Dynamics
The kinematics of the Aibo only provides information about the geometrical relation between the bodyparts. The 3D Mechanics Toolbox also includes the direction of the gravitational force, the inertias andmasses. Still, this model is not su�cient to describe a walking behavior, since the interaction with theoor and mechanical end stops are not implemented and the joints are not actuated. These externalparameters directly inuence the dynamical behavior of the model.The numerical model produced by the toolbox is used in 20-sim. The interaction between bodyparts and environment is calculated within the numerical model by using screw theory [Stramigioli andBruyninckx, 2001]. The inputs and outputs of the numerical model are shown in Figure 2.2. The steeringof the joints as well as the oor contact are de�ned with bond graphs. The bond graph language describesthe power owing from one element to another. In this case the joints are steered with a controller thatprovides a torque. The masses of the bodies attached to the joint will inuence the angular velocity.The forces and torques from the oor contact are combined as a variable called a wrench. The velocities
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(linear and rotational) are combined in a six dimensional variable, called a twist. The position andorientation of each body part are given as a homogeneous transformation matrix (H-matrix). The H-matrix represents a coordinate transformation between two coordinate frames,  i and  j , denoted byHij . Further information on bond graphs can be found in Breedveld and van Amerongen [1994] andinformation about wrenches, twists and H-matrices can be found in Stramigioli [2001].The interface of the real Aibo allows the user only to set the joint angle instead of the torque, asshown in Figure 2.2. This angle is used as a setpoint for a controller. The joint angle is measured withthe sensors inside the joints. This implies that the overall model will also include controllers. This topicis further discussed in Section 2.4.
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Figure 2.2: Block diagram of the model of the Aibo with the kinematics, dynamics and constraints
The movement of the Aibo is restricted by its environment in several ways. First of all the gravitationalforce pushes the robot downwards, while the oor prevents it from falling. The joints are limited bymechanical end stops, which constrain the joint from reaching an arbitrary angle. The friction of theoor prevents the Aibo from sliding and makes it possible to let the Aibo walk. All these constraintshave to be included in the model for a realistic representation of the Aibo. In the following section theseconstraints are discussed.

2.3.1 Contact ModelThe interaction with the oor is important for walking. The stability and speed of the walking pattern isinuenced by the oor, depending on how uneven, sticky or soft the material is. For modeling the oor,the characteristics should be de�ned and the contact area of the Aibo with the oor should be speci�ed.In the RoboCup the Aibo walks on a carpet, but the characteristics of the oor are not speci�ed anddi�er per event. Every team has its own use of the legs, which gives a wide variety of contact areason the feet. Some teams use the front legs of the Aibo at on the oor to maintain stability and therear legs to move around, others have all four feet at on the oor. Sony uses the legs upright, which ismore unstable and looks more doglike. These qualities should be taken into account when designing adynamical model for making new walking patterns.To model a standing pose, a power interaction needs to be modeled between the oor and the legs. InFigure 2.3 an illustration is given with the forces and torques that can interact with a body. The collisioncan occur on a �xed contact point on the body or the contact point can move over the body dependingon its orientation.
Compliant or rigid contact modelsThe contact dynamics can be modeled as a compliant or rigid contact. Compliant contacts assume thatwhen two objects collide, the contact phase is not instantaneous. First the objects will touch each other,
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Figure 2.3: On a collision of a body and the oor, forces act on the contact points. The normal force ismodeled with a spatial spring and damper
then deform a bit and then bounce o� each other, as described in Duindam and Stramigioli [2003]. Thiscan be modeled with a spring and damper acting on the foot when it touches the oor. This springis based on a spatial spring (as discussed in Stramigioli and Duindam [2002]) and makes a distinctionbetween rolling and sliding. Rigid contacts, as described in Duindam [2004], means that there is aninstant contact. This model implies that on impact some kinematic energy is instantaneously lost andthe momentum on impact changes stepwise.For the contact model of the Aibo, the use of a rigid contact model is hard to implement, becausethe model has multiple contact points. This diversity in contact states needs a lot of book-keeping andrecalculations of the momentum on impact. The compliant contact model can be used in a continuousand easy way, which makes it a good option for the implementation of the contact model.
Implementation of a compliant contact modelWhen an object collides, there is an exchange of energy. This energy can be shown using a bond graph,with a force as an e�ort and a velocity of the object as a ow. In a three-dimensional space the force canbe divided in three forces and three torques. Combining this in a vector results in a wrench. A wrenchacting on frame  i can be represented by a six-dimensional vector:

W i = [Fx; Fy; Fz; �x; �y; �z] (2.1)
where Fx, Fy and Fz [N] are the forces and �x, �y and �z [Nm] the torques. The ow is called a twistand includes the velocities of frame  i with respect to frame  j :

T i;ji = [vx; vy; vz; !x; !y; !z] (2.2)
where vx, vy and vz [m/s] are the velocities in the x-, y- and z-direction and !x, !y and !z [rad/s] are theangular velocities around the x-, y- and z-axis. More information about the use of wrenches and twistsare given in [Stramigioli, 2001].The compliant contact model is implemented in the box marked `Floor' in Figure 2.2. To apply theforces, �rst the moment when the body hits the oor should be known. This is checked with the distancebetween the contact points of the body (cp1) and the oor (cp0), given in Figure 2.3. The numericalmodel can give the H-matrix, Hfloorbody , which gives information about the distance between the body andthe oor. With this H-matrix, the shape of the body and the assumption that the oor is at, thedistance between cp0 and cp1 is known. If the contact point hits the oor, it will apply forces as a wrenchto the body part that makes contact.The forces that act on the contact point of the body are divided into a normal force and two tangentialforces. The normal force (Fn) is calculated with the Hunt-Crossley model given by Hunt and Crossley[1975]. The model is nonlinear and suitable for contacts with both sti� and compliant objects. It preventsphysical inconsistencies on impact and sticky forces at the moment of load removal that occur with a linear
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contact model like the Kelvin-Voigt model (also given in Hunt and Crossley [1975]). The Hunt-Crossleymodel is formulated as: Fn(t) = � �Kpxn(t)�Kdxn(t) _x(t) x � 00 x < 0 (2.3)
where x [m] is the penetration depth, _x [m/s] is the speed of the body in the vertical z-direction, n isa real number, depending on the shape and material of the object. n is usually close to the unity. Kd[Ns/m] is a sti� damper and Kp [N/m] is a sti� spring, both of which are applied when the body hits theoor.When walking, the oor also exerts a force in the horizontal plane. This can be modeled with di�erentfriction models. The options to use as a damper are Coulomb, viscous, static and Stribeck friction.Coulomb friction is an o�set depending on the direction of the motion. The viscous friction is a linearrelation between the velocity and the friction force. The static friction opposes the direction of motionwhen the sliding velocity is zero. Stribeck friction decreases continuously with increasing velocities. Moreabout friction models can be found in Armstrong-H�eouvry et al. [1994]. As for the friction of the feet,a friction model with all four friction models is chosen. The friction force (Ffr) at the contact pointdepends on the normal force and the tangential speed (vtr) of the contact point. vtr is a combination ofthe velocity vx and vy in the x and y direction:

vtr =qv2x + v2y
Ffr = �Fn  �c + (�stj tanh (svtr) j � �c) e�� vtr

v2st

�! sign (vtr) + �vvtr! (2.4)
where �c [m] is the Coulomb friction coe�cient, �st [m] is the static friction coe�cient, �v [s/m] is theviscous friction coe�cient, vst [m/s] is the characteristic Stribeck velocity and s [s/m] is the steepness ofthe Coulomb friction curve. The force Ffr needs to be distributed over the Fx and Fy axis and the totalforce that acts on the contact point, becomes:

Fx = Ffr � vxvtr �Fy = Ffr � vyvtr �Fz = Fn
(2.5)

Rolling of an object is modeled with a pure rotation around the contact point. The rotations aroundthe x- and y-axis are frictionless, while the roll around the z-axis provides a torque, which is calculatedin the same way as above but depends on the rotational speed (!z):
�x = 0�y = 0
�z = �Fn  �c + (�stj tanh (s!z) j � �c) e�� !z

v2st

�! sign (!z) + �v!z! (2.6)
2.3.2 Joint Limits and Motor SpeedsThe joint ranges of the ERS-7 are limited, because they have mechanical end stops. These end stops needto be implemented into the model. This can be done with a nonlinear one-dimensional spring-damperelement for each joint, in much the same way as the compliant contact model described in Section 2.3.1.Using a compliant contact model as a mechanical end stop for all 20 actuated joints, means an enormousincrease in simulation time due to the resulting sti� equations. Another option is to limit the inputvalues from the controller. This saves simulation time, but will not give a realistic representation whenthe controllers are turned o�. The last option is chosen because it is assumed that the controllers arealways on. The limits from the mechanical joints of the Aibo are given in Appendix A in Table A.3,together with the software limitations built in OPEN-R software.
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The Aibo motors are limited by their power and maximal accelerations. The model should have aprotection or warning system when these limits are crossed. OPEN-R provides only the angular velocitylimits (also given in Table A.3 in Appendix A), which can be used in the model. The model generates awarning when a joint exceeds its speed limit, but it cannot check if any acceleration or power limits areexceeded, since the limits are not available.In the model the actuator characteristics are not included, since the data were not freely available, asstated on the website of OPEN-R [Sony Corporation, 2005a]. The output of the controller in this modelis converted to a torque (see Figure 2.4, `MSe'), which implies a current steering signal. The friction inthe joint is modeled with a dissipative element, depicted as `R' in Figure 2.4. The speci�c friction modelis estimated in Chapter 3.
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Figure 2.4: Control for a signal joint, within the Aibo model
2.4 Controlling MotionsThe joints of the Aibo model are steered with bond graphs. The e�ort is given as the torque and the owas angular velocity. In the ERS-7 the joints are controlled by PID (proportional, integral and di�erential)controllers, with the angle given as setpoint. In Figure 2.4 an overview is given of a controller for a signaljoint. The Aibo works with time frames of 8 [ms] each. In each frame, a motion can be set and thecontroller reads the sensor values.The setpoint is given by the software, this signal is limited to angles within the hardware limits asexplained in Section 2.3.2. The actual angle is measured with a position sensor. With this measurementan error signal is created and is used by a PID controller. The speci�cations of these sensors are not givenby OPEN-R, but some tests have been done to estimate the accuracy of the sensor (see also AppendixB). The step size of the sensor is approximately 0.006 [rad] and has a variation of 0.012 [rad]. The stepsize indicates that the position sensor is a 10 bits AD converter. The sampling time is 8 [ms], moreinformation about the sensors is given in Table B.1 in Appendix B.The PID controllers are embedded into the hardware of the Aibo. It is possible to change theproportional, integral and di�erential gain of the controller with the software. There are some limitationswithin OPEN-R, because of the limited precision oating point numbers. Each gain is split up into again (g) and a shift (s) component, in the following way:gain = g216�s (2.7)More information can be found on the website of Tekkotsu [Carnegie Mellon University, 2005]. Defaultvalues are given in Table B.2 in Appendix B. The shift values are the same for each gain of each controller.This relation of the gains makes it impossible to adjust separate gains independently. The gains can onlybe chosen within a certain range, �xed by s.



Chapter 3

Parameter Estimation of the Aibo
The model that is constructed in the previous chapter combines the capabilities and limitations of theAibo. A lot of information is known about the ERS-7 Aibo, e.g. the kinematics and its total mass [SonyCorporation, 2005a]. Several parameters are not publicly available from Sony, due to commercial reasons.This disclosed information contains masses, center of mass, inertias and motor characteristics.To develop a realistic dynamical model, it is important to have insight in these dynamical parameters.The Aibo is a fully controlled robot, which means that all its joints are actively actuated (except some ofthe ear joints). There is no need to estimate the exact values: an indication of the real values is enough toconstruct the model. In the next sections an experimental procedure to provide the missing parametersis explained.

3.1 Measuring Method
The Aibo is used as a scienti�c platform and has several possibilities to get data from its environmentand physical states. The Aibo has position sensors, acceleration sensors, a camera and switch buttons toobtain data. The position sensors have a sampling time of 8 [ms], while the movements are restricted bythe motors and do not exceed a couple of Hertz. Therefore the sampling frequency is fast enough to usefor controlling the walking gaits.The Aibo has a hardware layer that Sony does not reveal. The hardware is available through theOPEN-R SDK, which is a cross development environment. It is able to work with di�erent hardwaremodules (ERS-X), it is easy to include new software parts and it has network support.On top of OPEN-R, several platforms have been developed to develop new software. There are somedeveloped by Sony, e.g. R-CODE SDK and AIBO Remote Framework. These programs are easy to use,but lack the possibilities to exploit the hardware of the Aibo. Therefore several RoboCup teams decidedto develop their own environment, e.g. Tekkotsu [Carnegie Mellon University, 2005], URBI [Baillie, 2005]and the German Team Code [German Team, 2005].Tekkotsu is di�erent, because it is designed to develop new software instead of focussing on playingsoccer. It works with parts of software that can be added to the platform. When carrying out testson the Aibo it has the advantage of OPEN-R and the functionalities of a platform on a higher softwarelevel. Tekkotsu has the functionalities to test motions, positions and has a wireless interface to measuredata and choose between di�erent programs. For these reasons, Tekkotsu is used in this project as ameasurement platform.
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3.2 Estimation using a Simple Pendulum ModelThe best way to measure parameters like masses, inertias and friction, is to measure each of the bodyparts separately or by using the design drawings. It was not possible to carry out those two options1, soanother option was chosen to estimate these parameters. The masses were roughly estimated �rst with ascale, to get an indication of the proportions. The center of mass per body part was chosen in the middleof every body part, since it was not possible to measure them separately. The moments of inertia can becalculated when the masses of each body part are known. The inertias are found by assuming the bodyparts to be perfect ellipsoids and by using Weisstein [2005]:Ix = 15M �y2 + z2�Iy = 15M �x2 + z2�Iz = 15M �x2 + y2� (3.1)
where M [kg] is the mass of the body, Ix, Iy and Iz [kg m2] the moments of inertia around the x-, y- andz-axis, and x, y, z [m] are the radii of the ellipsoid. The mass per body part and the friction per jointcan be estimated using a pendulum model. The �rst attempt is to estimate them with a simple modelof a pendulum, only taking a point mass and linear friction. The experimental setup and the obtainedresults are discussed in the next sections.
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Figure 3.1: The leg of the Aibo can be seen as di�erent pendulum models: a) Overview of the left frontleg of the Aibo, with the positions of the joints. b) Pendulum model of the lower leg around joint q3.Joints q1 and q2 are �xed c) Pendulum model of the upper leg, combined with the lower leg, rotatingaround joint q2. Joints q1 and q3 are �xed. d) Pendulum model of the whole leg (shoulder, upper leg andlower leg), rotating around joint q1. Joints q2 and q3 are �xed
3.2.1 Experimental SetupThe masses and friction are estimated using the possibility to turn the controller gains o�. Then only thegravitation force acts on the joints and the movement is compared with a simple model of a pendulumas given in Figure 3.1 a), b) and c). Every joint in the leg is tested. The controller gains are turnedof when the joint is set to a speci�c angle. The leg swings as a pendulum. The positions of the jointsare measured with the position sensors inside the joints. The same test is done with a simple pendulummodel. This model represents a point mass at a certain distance of a joint. The model is �tted to themeasurements by adjusting the coe�cient BML2 , given in the pendulum equation:�� + BML2 _� + gL sin(�) = 1ML2 � (3.2)

1For this thesis a ERS-7 Aibo was made available from the department of Computer Science of the University of Twente.

This Aibo could not be disassembled, because it was on loan. Sony was approached by several RoboCup teams to share

the design drawing or missing data, but they turned down the requests.
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where M [kg] is the mass of the pendulum, L [m] is the length of the pendulum from the joint till thecenter of mass, B [Ns/m] is the friction coe�cient, g [m/s2] is the gravity constant, � [Nm] is the externalforce from the motor and � [rad] is the angle of the pendulum. Angle � can be measured with the positionsensors, the gravity constant g is known as well as the estimations of the lengths to the center of massL. The mass M and the friction coe�cient B are the only unknown factors. With two di�erent ratiosof BML2 the two unknown parameters can be solved. To get an extra ratio an extra mass is added to thelower leg of the real Aibo as well as in the model. The friction will not change and the mass M of thependulum itself is still unknown.The coe�cients are estimated by �tting the pendulum model to the measurements. This results intwo di�erent values, V1 and V2, for the ratio BML2 , given as:

V1 = B(M +M1)L2 (3.3)
V2 = B(M +M2)L2 (3.4)where M1 and M2 are the known extra weights added to the leg (M1 or M2 is zero if no extra weight isadded). This gives two equations, with two unknown parameters, M and B, which can be solved as:
M = M1V1 � V2M2V2 � V1 (3.5)
B = V1L2V2M2 �M1V1 � V2 (3.6)Unfortunately, the lower leg of the Aibo does not move at all with only the gravitational force. This isdue to the friction within the joint q3. Therefore the �rst test is done with an extra mass added to thelower leg (which makes M1 unequal to zero).The measurement results are used to estimate the ratios BML2 and gL of Equation 3.2. The best�t is found when the error between the measurement and the model is minimal. The criterion that isminimized is: J(t) = Z t

0 (yreal(s)� ymodel(s))2ds (3.7)where t [s] is the time, yreal(s) [rad] is the measured angle of the joint and ymodel(s) [rad] is the simulatedangle of the joint.
3.2.2 Experimental ResultsThe pendulum model is �tted on the experimental results by minimizing the criterion of Equation 3.7.The experimental results and the �tted pendulum model are shown in Figure 3.2. The �tted model is notexactly the same due to the simpli�ed model of the pendulum that is used. The model of the pendulumcontains a viscous (linear) friction (B) and has masses, but no inertias. In reality also the static, Coulomband Stribeck friction are involved and the swing depends on the inertias of several ellipsoids connected toeach other. These simpli�cations can inhibit a good estimation if the di�erence between the model andthe real Aibo is too large.The minimum of Equation 3.7 is found by changing parameter BML2 . Two known masses are used,one of 0.220 [kg] and one of 0.402 [kg]. The results of the estimation of BML2 is given in Table 3.1. Theestimated friction is approximately 0.024 [Ns/m], but some of the estimated masses are negative, which isphysically impossible. This result is explicable, because Equation 3.5 is sensitive to small deviations in theestimation, as can be seen in Figure 3.3. Only a small region provides a positive mass, so a measurementerror or estimation fault will have a major inuence on the calculated mass. The estimation of the frictioncannot be negative because M2 and V1 are bigger than M1 and V2.This result cannot be used and shows that another approach should be taken. First of all the pendulummodel is too simplistic. The point mass should be replaced by several ellipsoids with inertias and thefriction model should be made more extensive. In the next paragraph another approach is used to �ndthe missing parameters.
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Figure 3.2: Measurement data of the right front shoulder and a �tted pendulum model
Table 3.1: Results after estimation of the masses and frictions of several joints, using Equations 3.5 and3.6 Test 1 Test 2 EstimatedMass BML2 gL Mass BML2 gL Mass Frictionjoint [kg] [Ns=kgm2] [s2] [kg] [Ns=kgm2] [s2] [kg] [Ns=m]q1 0.220 3.283 60 0.402 1.975 60 0.056 0.024q2 0.220 4.005 60 0.402 2.135 60 -0.012 0.022q3 0.220 8.387 75 0.402 4.058 75 -0.049 0.025
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Figure 3.3: Plot of Equation 3.5. Region where mass is positive is limited and very sensitive
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3.3 Estimation using an Extensive Pendulum ModelIn the previous section the missing masses and frictions were estimated with a simple pendulum modeland with the use of ratios. The real Aibo leg is not equal to a point mass without inertias. The leg isequivalent to three ellipsoids which have masses and moments of inertia. Also the extra mass, added tothe lower leg in order to give it a better swing, can be modeled as a hollow cylinder. In Figure 3.4 aschematic overview is given of the shoulder (S), upper leg (U), lower leg (L) and extra mass (E). Theinertias are given by: IS;x = 15MS �y2 + z2�IU;x = 15MU �y2 + z2�IL;x = 15ML �y2 + z2�IE;x = 12MER2 + 112MEL2E

(3.8)
where IS;x, IU;x, IL;x and IE;x [kg m2] are the inertias in the direction of the x-axis of, respectively, theshoulder, the upper leg, the lower leg and the extra mass added to the leg. MS , MU , ML and ME [kg]are the masses of the ellipsoids, y and z [m] are the radii of the ellipsoids, R [m] is the radius of the extramass and LE [m] is the length of the extra mass. On the real Aibo the joint q2 turns around the z-axis,but for this model it does not matter which axis is used since the bodies are symmetrical. Therefore q2in the model turns over the x-axis.
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Figure 3.4: Schematics of the Aibo leg, given with ellipses and cylinders
The origin of the rotation axes of the ellipses di�er from the centers of mass of the ellipses. Thereforethe inertias are recalculated to the rotation axis with the parallel axis theorem. This can be given as:

IU;j = IU;x +MUD2UIL;j = IL;x +MLD2LIE;j = IE;x +MED2E (3.9)
where IU;j , IL;j and IE;j [kg m2] are the new inertias recalculated for the rotation axis in the joint. DU ,DL and DE [m] are the distances between the center of mass of an ellipsoid and the rotational axis at thejoint. Only the inertia of the shoulder has not been changed, because the turning axis is already throughthe center of mass.These inertias are summed as one moment of inertia that acts on the joint as well as the total mass,which is also shifted: I�joint = IS;j + IU;j + IL;j + IE;jM�joint =MSDS +MUDU +MLDL +MEDE (3.10)
where I�joint [kg m2] is the total inertia acting on the joint, M�joint [kg m] is the total mass that acts onthe joint. For each joint the same tests are performed as in Section 3.2.1 to estimate the mass of thebody part(s) and the friction in the joint. The distances DL and DE can be di�erent per joint.
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The friction in the joint is modeled in the same way as Equation 2.6, given as:

Ffriction � _�� = Fn  �c + ��stj tanh�s _�� j � �c� e�
�

_�
v2st

�! sign� _��+ �v _�! (3.11)
where _� [rad/s] is the angular velocity of the joint and Fn [N] is the normal force chosen unity to keepthe friction model of the bearing relative simple. The new model of the damped pendulum model nowlooks like: I�joint�� + Ffriction � _��+ gM�joint sin (�) = � (3.12)
Or without the motor force:

�� + Ffriction � _��I�joint + gM�jointI�joint sin (�) = 0 (3.13)
3.3.1 Experimental SetupThe model of the Aibo leg is implemented in 20-sim with the unknown parameters. These parametersare estimated by �tting the model to the measurements. The used parameters are the masses (of theshoulder, the upper leg, the lower leg and the extra mass), the distance of the extra mass and the frictioncoe�cients.The criterion of Equation 3.7 is optimized by changing the parameter values with the DavidsonFletcher Powel gradient search [Bazaraa et al., 1990](included in 20-sim). First, the measurements withonly the lower leg are used to estimate the mass of the lower leg and the friction parameters in joint q3.Then the same is done with the upper and lower leg turning around q2, but with a �xed mass of the lowerleg. Finally, the masses of the lower leg and upper leg are �xed and the shoulder mass and the frictionparameters of joint q1 are estimated.
3.3.2 Experimental ResultsThe tests to estimate the shoulder mass, the upper leg mass and the friction coe�cients in the joints (q1and q2) are performed with and without di�erent masses added to the lower leg. Only the estimation ofthe lower leg mass and the friction coe�cients in joint q3 could not be tested without the use of an extramass, because the friction is too high. During the numerical estimation some parameters have none orlittle e�ect on the estimation. The friction model only needs the viscous and Coulomb friction to �t themodel on the test results. One of the results is shown in Figure 3.5 where the �tting of the model isimproved in comparison with the other method, shown in Figure 3.2.The experiments with the shoulder joint q1 gives some unsatisfactory results. The mass of the shoulderhas no or little e�ect on the estimation, since it is located at the rotation axis. Another e�ect is thedi�erence between the estimated friction parameters in q1 and q2 with or without the extra mass attachedto the lower leg. To �t the pendulum model with the measurements, the tests without the extra massestimate the Coulomb friction very low (around 10�3) and with the mass much higher (around 40 �10�3).This di�erence can be caused by the normal force of the extra mass, which acts on the bearing in thejoint. The normal force is taken as unity in Equation 3.11. The choice is made to use the estimations ofthe friction parameters without the use of the extra mass, because in normal cases the Aibo has no extramass added to the leg. For joint q3 no tests could be done without the extra mass, so the tests with thelowest extra mass is used.The chosen values for the masses and friction parameters are averages of four tests. For q1 and q2only the four tests without an extra mass are used. For joint q3 the four test with the lowest mass areused. The results of the chosen masses are given in Table 3.2 and the chosen friction parameters in Table3.3.
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Figure 3.5: Measurement data of the right front shoulder and �tted with the pendulum model of Equation3.13
Table 3.2: Results from estimation with an extensive model: Mass estimationMassBody [kg]Shoulder 0.04Upper Leg 0.052Lower Leg 0.036

Table 3.3: Results from estimation with an extensive model: Friction estimation
�st �c �v vst sjoint [m] [m] [ms=rad] [rad=s] [s=rad]q1 0 0.001 0.017 0 0q2 0 0.007 0.019 0 0q3 0 0.020 0.01 0 0

3.4 Choice of Leg ParametersThe model parameters have been estimated using two methods, one with a simpli�ed model and one witha more extensive model. This �rst method used ratios to calculate the values for the missing masses andfriction parameter, but the masses were sometimes negative due to the sensitivity of the method.The results from the more extensive pendulum model are more satisfying. They give a good estimationof the masses and show that the friction in the joints depends mostly on the viscous and Coulomb friction.Therefore a friction model is added in all the legs of the Aibo model, with this equation:
Fjointfriction = �csign� _��+ �v _� (3.14)

where �c [m] and �v [ms/rad] are the Coulomb and viscous friction coe�cients and _� [s/rad] the rotationalspeed of the joint.The friction as well as the inertias and masses are added to the Aibo model. In Table 3.4 the chosenvalues of the friction coe�cients are given and in Table 3.2 the chosen masses are given. For detailed
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information about the chosen masses see Appendix A Table A.2. A comparison is made with the modi�edAibo model. The result is compared with real measurements, which is shown in Figure 3.6 for the rightfront shoulder joint q1. The drop is the same, only the steady state position of the joint is di�erent dueto small di�erences in the kinematics between the model and the real Aibo. This di�erence is not criticalas the controllers will actively hold the joints on their position.

Table 3.4: Chosen frictions for the Aibo model
�c �v[m] [ms=rad]Shoulder 0.001 0.017Upper leg 0.007 0.019Lower leg 0.010 0.010
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Figure 3.6: Drop test around joint q1 of the model compared to a measurement from the real Aibo



Chapter 4
Veri�cation of the Aibo Model:
using a Walking Pattern
The dynamic model of the Aibo from Chapter 2, with the estimated parameters from Chapter 3, cannow be used for simulation. This chapter shows the walking capabilities of the model. A walking patternsets the setpoints of the controllers at a certain time, making the robot move forwards, backwards, turnor move sideways. There are many di�erent ways to implement gaits with di�erent speeds, stabilitiesand accuracy. In this chapter several walking gaits are shown and one simple walking algorithm isimplemented in the model as a test case. The same walking algorithm is also implemented on the realAibo and the results are compared.
4.1 Walking Gaits
The dynamical properties of a moving robot limit the possible movements and walking gaits. The speedof a walk also inuences the gait pattern. Animals with four legs have several walking patterns, e.g.crawl, trot and pace as shown in Figure 4.1. The crawl operates by moving each leg in turn, lifting it oneat a time. It keeps the center of gravity inside the triangle described by the legs that touch the ground.This gives it a stable but slow characteristic. The trot gait lifts two diagonal legs at the same time. Therobot balances on the other two diagonal legs. The pace simultaneously lifts both legs on the same sideof the body, alternating between the sides. This is the least stable gait, as it is easy for the robot to loseits balance.

Crawl Trot Pace

Left Front Leg

Right Front Leg

Right Rear Leg

Left Rear Leg

Figure 4.1: Walking gaits for a quadruped robot [Hengst et al., 2002]
The choice of a gait depends on the task at hand. Speed can be a criterion, but in other casesswitching between walks or combining di�erent walks can be more important, as with the RoboCup.Sometimes accuracy is important for localization or ball handling. In other cases a stable movement ofthe head is desirable for sharp camera images. In all cases it is important that the robot does not becomeunstable. The model that is used in this report can explore the boundaries of the possible motions. Totest these limits, a stable trot is chosen, shown in Figure 4.2. The trot is a simpli�cation of an earlierstudy from Stelzer et al. [2003] and re-de�ned to implement it in Tekkotsu. The dynamical model itself
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uses the frame de�nition of OPEN-R, but Tekkotsu uses the Denavitt-Hartenberg method explained inCraig [1989].
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Figure 4.2: Implemented setpoints (Denavitt-Hartenberg de�nition) of the walking gait, which is used asa test walk in the dynamic model and on the real Aibo
4.2 Test Case: Walking Aibo
To compare the model with the real Aibo, a test walk is implemented to see if the model behaves accordingto the real Aibo. The result of this section will be the di�erence of the measured angles of the real Aibocompared to the simulated output angles of the model, as well as the walking distance.
4.2.1 Setup Test CaseThe test case is the implementation of a stable walking gait. The walking gait is implemented in 20-simand Tekkotsu. The possibilities of Tekkotsu are limited by the hardware of the Aibo and this limits thetesting possibilities.The walking gait is �rst implemented in the model, within the 20-sim environment. The algorithmconsists of continuous movements of the joints as given in Figure 4.2. The simulation is done withdi�erent integration methods for a duration of ten seconds on a AMD Athlon(tm) XP 1800+ with 512MB of RAM. The output is the given setpoints, the simulated joint angles and the forward displacement.The results of the setpoints and measured angles can be exported to a text �le. With this text �le areadable motion �le is made with Matlab, which can be used within the Tekkotsu platform.To implement a walking algorithm in OPEN-R or Tekkotsu, an option is to write a C++ �le. Unfor-tunately debugging the code is time consuming and the walking algorithm is frequently changed duringtests. Fortunately Tekkotsu has a functionality to play motions that are de�ned in a text �le. In the text�le setpoints for speci�c joints are given on speci�c times. The disadvantage is the sampling time in thetext �le, which cannot be lower than 128 [ms]. Programming the gait in C++ allows a sampling time



TEST CASE: WALKING AIBO 19
of 8 [ms]. Using the motion text �le allows changing the motions �les during the tests, while changingthe C++ code means restarting the Aibo for every test. In this stadium the frequency limits are notexplored and therefore the choice is made to use the fast motion �les.

Figure 4.3: Test setup of the Aibo on the graduated ruler
The Tekkotsu platform is used to send the measured joint angles through wireless LAN to a computer,where the data is logged and stored. The displacement of the Aibo is not measured with the sensors ofthe Aibo, but with a graduated ruler on the oor, as shown in Figure 4.3. The results from the measuredjoint angles are compared with the simulated results in Matlab and the displacement of the real Aibo ismeasured by hand and compared with the simulation.

4.2.2 Results Test CaseSimulation resultsSimulations with the walking gait shows that the Aibo can move forward, using the friction of the oor.Figure 4.4 gives an animation of the walking gait. The walk does not look very natural, because theknees are not bending much. The goal here is not to optimize this gait, but to show that the real Aibowill also walk like the animated model. As long as the gait is stable and the real Aibo does not fall, itcan be used as a test case.

(0.0) (0.2) (0.4)

(0.6) (0.8) (1.0)

Figure 4.4: Animation of the simulated Aibo gait for one step cicle
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In Figure 4.5, the displacement of the model in the forward direction is shown. To initiate the contactmodel, the Aibo is dropped from 0.02 [m] in order to prevent the feet from touching the oor. Aftertwo seconds the e�ects from the drop have faded and the walk starts for eight seconds. The Aibo has adisplacement of 0.51 [m], which is a speed of 0.064 [m/s]. The sideways displacement from the left to theright as well as the vertical movement are stable and also shown in Figure 4.5. The walk is also simulatedfor �ve minutes, to see the drift or even unstable behavior. The result (given in Figure C.1 in AppendixC) shows that when the Aibo drops, it gets an initial o�set to the right. The walk stays stable with aconstant speed.
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Figure 4.5: Forward movement of the simulated Aibo
Several integration methods can be used to simulate the model. The chosen stepsize can inuencethe result, because it introduces little di�erences in the contact force calculations. Smaller stepsizes willmake the simulation slower. For several integration methods and di�erent stepsizes tests are done andshown in Table 4.1. The calculation time and displacement of the robot di�ers per integration method.The table shows that several integration methods have an end displacement around 0.51 [m]. The fastestintegration method to reach this result is achieved with the Runge-Kutta 4 method, with a stepsize of10�5 [s].

Measurement results from the real AiboThe setpoints of the walking gait from the simulation are modi�ed into a motion �le for Tekkotsu andused on the real Aibo. The robot waits for two seconds and walks for eight seconds, just like in thesimulation. First a test is carried out without the feet touching the oor. This allows to see if the motorsare capable of following the reference signal. The measured joint angles (given in Figure C.2 in AppendixC) follow the reference signal without any delay or amplitude di�erence.The inuence of the oor is tested, to see if the walking gait really displaces the real Aibo as thesimulation estimates. The measurements of the joint angles during the walk are given in Figure 4.6 aswell as the reference signal and the simulation results. In the �gure some signals are enlarged for twoperiods of the walk. The result shows that the simulation follows the reference signal very well, but theshoulder joints q2 of the real Aibo seem to have di�culties pushing the feet on the oor. The motors arenot strong enough to overcome the oor friction, while the simulation has no trouble with it.
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Table 4.1: Integration methods tested on the modelParameters integration ResultIntegration Step size Integration error Calculation Calculations Displacementmethod [s] Absolute Relative time [s] Number [m]Runge-Kutta 4 5.00E-04 . . 175.172 80459 0.6071.00E-04 . . 837.813 400962 0.5131.00E-05 . . 7516.94 4000831 0.5081.00E-06 . . 75493.9 40000670 0.517Modi�ed Backward - . 1.00E-05 1.00E-05 2802.91 1450251 0.511Di�erentiation Formula . 1.00E-06 1.00E-06 2239.44 1130894 0.508Vode Adams . 1.00E-06 1.00E-06 18926.3 9789172 0.542. 1.00E-05 1.00E-05 43585.1 22956984 0.608Runge-Kutta 2 5.00E-05 . . 767 400887 0.5351.00E-05 . . 3820.52 2000926 0.517
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Figure 4.6: The reference signal is a 1 Hz walking gait. The results from the simulation and the realAibo are shown next to the reference signal. Some signals are enlarged to show the di�erence betweenthe simulation and the real measurements
Using a higher frequency of the gait is tested, but the use of the motion �les limits this frequency.The number of setpoints per period is too small with a sampling of 128 [ms], as can be seen in AppendixC Figure C.3. If a higher frequency is desirable, then the walking algorithm should be implemented as amotion behavior in C++.The real displacement of the Aibo di�ers per test. The initial position is very important for thewalking direction of the Aibo, as well as in the simulation. The displacement is between 0.49 to 0.54 [m]on a smooth lab oor and is comparable with the simulation results.
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4.3 Aibo Model versus Real AiboThe dynamic model of the Aibo has been tested with a simple walking algorithm. The model was capableof walking with a stable gait, following the given setpoints accurately. The real Aibo walked the samedistance on a smooth surface, but some joints were not able to follow the given setpoints due to thefriction of the oor and the limitations of the motors. The maximum frequency of the walking gaitcould not be explored, while the used method had a limited sampling time. The test case showed thatthe motions of the model are a good estimation of the real Aibo and gives a good prediction what thedisplacement and speed will be of the real Aibo. This model can be used to optimize the walk or othermotions, without the use of the real Aibo. When the motion is optimized, it can be transformed to C++code and implemented into the real Aibo. The disadvantage is that not all robots are the same, due todi�erent wear of the motors and play in the joints, therefore the performance can di�er per Aibo.



Chapter 5
Conclusions and Recommendations
5.1 Conclusions
The main objective of this Master's project was to design and verify a dynamical model of an ERS-7Aibo. This study was divided into the design of a multi-body dynamical model, the estimation of thedynamical parameters and the veri�cation of the model with the real Aibo.
Design a multi-body dynamical model of the ERS-7 AiboThe dynamics of the model were implemented in the 3D Mechanics Toolbox of 20-sim, using the dataprovided by Sony. The kinematical implementation gave a good resemblance of the real Aibo. For thecontact model with the oor a compliant model was chosen, instead of a rigid contact model. Thecompliant model has the advantage that it can be used in a continuous manner, without a lot of book-keeping.The motor characteristics were unknown and not implemented in the model. This made the dynamicalmodel not suitable to check the power consumption or energy e�ciency of the walking gait. Only themaximal motor speeds are given and have been implemented in the model. The model gives a warningduring the simulation if the boundaries are exceeded.
Estimate the missing dynamical parametersSome dynamical parameters of the Aibo were missing, because they were not publicly available. Theseparameters were the mass, center of mass and moment of inertia for every body part as well as the frictioncoe�cients in the joints. Several experiments were done to estimate these missing dynamical parametersof the real Aibo. The body parts were taken as ellipsoids with the center of mass in the center of thebody. The masses and friction parameters were estimated using a pendulum model that was �tted onthe measurement data. Only the shoulder mass could not be estimated accurately, while this mass islocated at the rotational axis of the joint. The friction estimation showed that the friction in the jointsis properly described by Coulomb and viscous friction.
Verify the modelTo compare the dynamical model with the real Aibo, a test case was made. The test case was animplementation of a stable walk within the model and the real Aibo. The measurement setup in Tekkotsumade it easy to test di�erent motions, but limited the walking frequency to one step per second.The result showed that the joint angles of the model corresponded with the joint angles of the realAibo during the walk. Also the displacement in the forward direction of the Aibo was comparable. Thesimulation time of ten seconds took about 13 minutes (on an AMD Athlon(tm) 1800+, 512 MB), whilethe real test only took one or two minutes. This di�erence becomes smaller if longer tests are needed,
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because the disadvantages of testing with the real Aibo (battery, CPU, compilation time) will increasethe testing time.
General conclusionsIn general, the model is capable of simulating the same behavior as the real Aibo. Not all aspects havebeen tested and the simulation time is still high. The advantages are the removal of practical limitationsduring long tests with the Aibo. The model is especially useful in combination with optimization andlearning algorithms that needs multiple runs and has to change several parameters of the motion. Themodel gives a good overview of the robot and all internal parameters can be viewed.
5.2 RecommendationsThe purpose of the dynamic model of the Aibo is to create stable and fast walking patterns. This modelis one step in that direction, as it can simulate the Aibo behavior, but cannot generate new motions. Inthis thesis the foundations are laid on which optimization and learning algorithms can be built to useand explore the boundaries of the Aibo. Therefore there are still several recommendations to give:

Design a multi-body dynamical model of the ERS-7 Aibo� The simulation time of the model is six times higher than a test with the real Aibo. The modelin this thesis is not fully optimized for the whole code. Most of the simulation time is due to thecompliant contact model. The spatial spring and damper are very sti� in order to prevent theAibo from bouncing on the oor, but the drawback is the increasing simulation time. For testswith a short duration or in combination with other applications, a faster simulation time would bepreferred. Therefore a simpli�cation or optimization of the code could be an option. It could alsobe possible to simplify the dynamical model to only a kinematical model combined with a contactmodel, but this requires another kind of contact model.� The characteristics of the motors have not been implemented. If the parameters of the motor areestimated, they can be included into the model. This information will make it possible to look atthe forces and speeds of the motor and might be used to create stable and energy e�cient walkingpatterns.
Estimate the missing dynamical parameters

� The missing parameters from the Aibo were estimated using several tests and �tted with a pendulummodel. A better method would be to obtain the data directly from measurements of each bodypart separately. Then it is possible to measure the center of mass, the real mass and the momentof inertia in an accurate and direct way. However, the inuence on the performance of the modelwill be minimal, while all its joints are actively actuated.
Verify the model

� The model has not been tested with other motions, like turning, pace or kicking a ball. The mainfocus was on the model and the contact force with the ground. The model becomes more accurate,if di�erent motions are tested and the result is used to improve the model. The use of unstablemotions can be an indication for the accuracy of the estimated dynamical parameters. With theuse of stable motions it is shown that the model has the same walking pattern as the real Aibo.When the Aibo becomes unstable from a walk, the moment it falls down should be the same asin the simulation. This will indicate that the model behaves very accurately compared to the realAibo.
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� The measurement of the displacement in this thesis is performed by hand. This makes the mea-surement less accurate and is only useful with a forward or backward walk. The measurementcould be performed with the onboard sensors of the Aibo, like the camera in combination with theacceleration sensors. If rocky walking patterns are used, this method could become less accurate.Measurements of the displacement with the camera has been used before in the research of D�u�ertand Ho�mann [2006].� The implementation of the walking algorithm is in practice always embedded in the software of theAibo. Only the parameters of the walk can be changed. The advantage of the walking algorithmembedded in the software is the high sampling rate of 8 [ms]. The disadvantage is that the codeneeds to be re-compiled with a new walking algorithm. This can be a time consuming process. Whenan optimal walking pattern is found with the model, a translation should be made to implementit on the Aibo. The walking pattern should have enough adjustable parameters during a walk toadapt to changes in the environment.

General recommendationsA combination of a software platform and the model of the Aibo would provide a good support ofdeveloping new robotic walking algorithms. There are simulators available to test the Aibo softwarewithout the use of the Aibo hardware. The dynamical model can be implemented into such a softwaresimulator to simulate the software and hardware simultaneously.The model should be used in combination with optimization and learning algorithms to look for newmotions or walking patterns (other than crawl, trot and pace). A comparison should be made with resultsfrom other researches, which use the real Aibo instead of a model. This can directly show the bene�tsand the disadvantages of using a multi-body dynamical model.
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Appendix A
Kinematical and Dynamical
Properties of the ERS-7 Aibo
The ERS-7 Aibo has several body parts as can be seen in Figure 2.1, for the model 19 parts are used.These parts are linked together with joints. The connection positions of the joints are given in Table A.1.The body of the Aibo has 6 body parts linked to it, the neck, tail and four shoulders. The positions of thejoints are de�ned with the frame of the Aibo body, which is located in the middle of the body. OPEN-Rde�nes its frames in a LightWave 5.6 format. The frames of all the body parts are orientated with thez-axis to the rear end of the Aibo, the x-axis point to the right side of the Aibo and the y-axis is upwards.Others de�ne it with the Denavitt-Hartenberg method [Craig, 1989] of computing kinematic parameters.The z-axis of each link is determined by the axis of rotation for revolute joints. For this model themethod of OPEN-R is used. The legs and neck have an initial o�set of 30 or -30 degrees depending ontheir location (front/rear/left/right). Some link connections are measured and are in italics in the table,because they were not speci�ed by OPEN-R.The physical dimensions of the bodies are given in Table A.2. The lengths are given for the sameframes used before. The lengths are given as the diameter of the body. Masses and inertias are estimated,since Sony does not provide any information about this. The estimation is discussed in Chapter 3. Thehardware and software limitations of the joints are given in Table A.3, as well as the speed limits of thejoints.
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Table A.1: Connections of the joints of the ERS-7 Aibo, used in the 3D Mechanical Toolbox from 20-sim
Joint x y z 'x 'y 'z Link
Name [mm] [mm] [mm] [deg] [deg] [deg] Name

Aibo Body
Neck Tilt 1 0 19.5 -67.5 0 0 0 Neck
Tail Tilt 0 33 102 0 0 0 Tail 1
Left Front q1 0 0 -65 0 0 0 Left Front Shoulder
Right Front q1 0 0 -65 0 0 0 Right Front Shoulder
Left Rear q1 0 0 65 0 0 0 Left Rear Shoulder
Right Rear q1 0 0 65 0 0 0 Right Rear Shoulder

Neck
Neck Tilt 1 0 -40 0 0 0 0 Aibo Body
Neck Pan 0 40 0 0 0 0 Neck Ghost

Neck Ghost
Neck Pan 0 0 0 0 0 0 Neck
Neck Tilt 2 0 0 0 -30 0 0 Head

Head
Neck Tilt 2 0 1.75 21.4 0 0 0 Neck Ghost
Left Ear Tilt -42 16.25 32.4 0 0 0 Left Ear 1
Right Ear Tilt 42 16.25 32.4 0 0 0 Right Ear 1
Mouth Tilt 0 -17.5 -40 0 0 0 Mouth

Left Ear 1
Left Ear Tilt 0 0 0 0 0 0 Head
Left Ear Pan 0 0 0 0 0 0 Left Ear 2

Left Ear 2
Left Ear Pan 0 30 0 0 0 0 Left Ear 1

Right Ear 1
Right Ear Tilt 0 0 0 0 0 0 Head
Right Ear Pan 0 0 0 0 0 0 Right Ear 2

Right Ear 2
Right Ear Pan 0 30 0 0 0 0 Right Ear 1

Mouth
Mouth Tilt 0 0 10 0 0 0 Head

Tail 1
Tail Tilt 0 0 0 0 0 0 Aibo Body
Tail Pan 0 0 0 0 0 0 Tail 2

Tail 2
Tail Tilt 0 0 10 0 0 0 Tail 1

Left Front Shoulder
Left Front q1 50 0 0 0 0 0 Aibo Body
Left Front q2 -12.5 0 0 0 0 0 Left Front Upper Leg

Left Front Upper Leg
Left Front q2 0 35 0 0 0 0 Left Front Shoulder
Left Front q3 -4.7 -35 -9 30 0 0 Left Front Lower Leg

Left Front Lower Leg
Left Front q3 0 45 0 0 0 0 Left Front Upper Leg
Left Front Lower Leg Contact 0 0 0 0 0 0 -

Right Front Shoulder
Right Front q1 -50 0 0 0 0 0 Aibo Body
Right Front q2 12.5 0 0 0 0 0 Right Front Upper Leg

Right Front Upper Leg
Right Front q2 0 35 0 0 0 0 Right Front Shoulder
Right Front q3 4.7 -35 -9 30 0 0 Right Front Lower Leg

Right Front Lower Leg
Right Front q3 0 45 0 0 0 0 Right Front Upper Leg
Right Front Lower Leg Contact 0 0 0 0 0 0 -

Left Rear Shoulder
Left Rear q1 50 0 0 0 0 0 Aibo Body
Left Rear q2 -12.5 0 0 0 0 0 Left Rear Upper Leg

Left Rear Upper Leg
Left Rear q2 0 35 0 0 0 0 Left Rear Shoulder
Left Rear q3 -4.7 -35 9 -30 0 0 Left Rear Lower Leg

Left Rear Lower Leg
Left Rear q3 0 45 0 0 0 0 Left Rear Upper Leg
Left Rear Lower Leg Contact 0 0 0 0 0 0 -

Right Rear Shoulder
Right Rear q1 -50 0 0 0 0 0 Aibo Body
Right Rear q2 12.5 0 0 0 0 0 Right Rear Upper Leg

Right Rear Upper Leg
Right Rear q2 0 35 0 0 0 0 Right Rear Shoulder
Right Rear q3 4.7 -35 9 -30 0 0 Right Rear Lower Leg

Right Rear Lower Leg
Right Rear q3 0 45 0 0 0 0 Right Rear Upper Leg
Right Rear Lower Leg Contact 0 0 0 0 0 0 -
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Table A.2: Physical dimensions of the ERS-7 AiboDiameter size Inertiax y z Mass Ixx Iyy Izz[m] [m] [m] [kg] [kg:m2] [kg:m2] [kg:m2]Aibo Body 0.0993 0.1141 0.226 0.9132 2.93E-03 2.78E-03 1.04E-03Neck 0.0268 0.08 0.0268 0.05 1.78E-05 3.59E-06 1.78E-05Neck Ghost 0.01 0.01 0.01 0 0.00E+00 0.00E+00 0.00E+00Head 0.0752 0.0565 0.1328 0.18 1.87E-04 2.10E-04 7.96E-05Mouth 0.04 0.007 0.04 0.02 1.65E-06 3.20E-06 1.65E-06Left Ear 1 0.01 0.01 0.01 0 0.00E+00 0.00E+00 0.00E+00Left Ear 2 0.01 0.06 0.04 0.0045 1.17E-06 3.83E-07 8.33E-07Right Ear 1 0.01 0.01 0.01 0 0.00E+00 0.00E+00 0.00E+00Right Ear 2 0.01 0.06 0.04 0.0045 1.17E-06 3.83E-07 8.33E-07Tail 1 0.01 0.01 0.01 0 0.00E+00 0.00E+00 0.00E+00Tail 2 0.04 0.08 0.01 0.0071 2.31E-06 6.04E-07 2.84E-06Left Front Shoulder 0.02 0.0695 0.0695 0.04 1.93E-05 1.05E-05 1.05E-05Right Front Shoulder 0.02 0.0695 0.0695 0.04 1.93E-05 1.05E-05 1.05E-05Left Rear Shoulder 0.02 0.0695 0.0695 0.04 1.93E-05 1.05E-05 1.05E-05Right Rear Shoulder 0.02 0.0695 0.0695 0.04 1.93E-05 1.05E-05 1.05E-05Left Front Upper Leg 0.0368 0.07 0.0328 0.052 1.55E-05 6.32E-06 1.63E-05Right Front Upper Leg 0.0368 0.07 0.0328 0.052 1.55E-05 6.32E-06 1.63E-05Left Rear Upper Leg 0.0368 0.07 0.0328 0.052 1.55E-05 6.32E-06 1.63E-05Right Rear Upper Leg 0.0368 0.07 0.0328 0.052 1.55E-05 6.32E-06 1.63E-05Left Front Lower Leg 0.042 0.09 0.045 0.036 1.82E-05 6.82E-06 1.78E-05Right Front Lower Leg 0.042 0.09 0.045 0.036 1.82E-05 6.82E-06 1.78E-05Left Rear Lower Leg 0.046 0.0922 0.046 0.036 1.91E-05 7.62E-06 1.91E-05Right Rear Lower Leg 0.046 0.0922 0.046 0.036 1.91E-05 7.62E-06 1.91E-05Total mass Aibo . . . 1.6913 . . .
* The sizes of all the links have been measured and the masses and inertias are estimated.
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Table A.3: Hardware and software limitations of the jointsHardware Limitations Software limitationsmin degree max degree min degree max degree speed[rad] [rad] [rad] [rad] [rad/s]Left Front Leg q1 -2.0944 2.3562 -2.0071 2.2689 4.865Left Front Leg q2 -0.2618 1.6232 -0.1745 1.5359 5.280Left Front Leg q3 -0.5236 2.2166 -0.4363 2.1293 5.280Right Front Leg q1 -2.0944 2.3562 -2.7053 2.2689 4.865Right Front Leg q2 -0.2618 1.6232 -0.1745 1.5359 5.280Right Front Leg q3 -0.5236 2.2166 -0.4363 2.1293 5.280Left Rear Leg q1 -2.3562 2.0944 -2.2689 2.0071 4.865Left Rear Leg q2 -0.2618 1.6232 -0.1745 1.5359 5.280Left Rear Leg q3 -0.5236 2.2166 -0.4363 2.1293 5.280Right Rear Leg q1 -2.3562 2.0944 -2.2689 2.0071 4.865Right Rear Leg q2 -0.2618 1.6232 -0.1745 1.5359 5.280Right Rear Leg q3 -0.5236 2.2166 -0.4363 2.1293 5.280Neck Tilt 1 -1.3963 0.0524 -1.3090 0.0000 3.185Neck Pan -1.6232 1.6232 -1.5359 1.5359 10.057Neck Tilt 2 -0.3491 0.8727 -0.2618 0.7854 5.781Tail Tilt 0.0000 1.1345 0.0873 1.0472 15.163Tail Pan -1.0472 1.0472 -0.7854 0.7854 15.163Mouth -0.9599 -0.0524 -0.9599 -0.0524 10.145Left Ear Tilt 0.0000 0.2618 0.0000 0.0175 0Left Ear Pan -0.7854 0.7854 . . 0Right Ear Tilt 0.0000 0.2618 0.0000 0.0175 0Right Ear Pan -0.7854 0.7854 . . 0



Appendix B
Sensor and Controller Speci�cations
The speci�cations of the sensors in Table B.1 are extracted from the on-line manual [Sony, 2004] andfrom the Tekkotsu source code [Carnegie Mellon University, 2005]. For the speci�c gains of the PIDcontrollers, Table B.2 gives an overview of the values.

Table B.1: Speci�cations of the sensors inside the ERS-7Unit Rangeminimal maximalHead IR Distance (near) 10�6 [m] 50000 500000Head IR Distance (far) 10�6 [m] 200000 1500000Chest IR Distance 10�6 [m] 100000 900000Front-back Acceleration 10�6[m=s2] -19613300 19613300Right-left Acceleration 10�6[m=s2] -19613300 19613300Up-down Acceleration 10�6[m=s2] -19613300 19613300Power remaining ratio 0 1Power thermometer degrees Celcius . .Power Capacity milli-amp hours . .Power Voltage volts . .Power Current milli-amp . .
B.1 Measurements with Position SensorsThe position sensor characteristics are not given by OPEN-R. This is why some tests are performed toget an insight in the precision and accuracy of the sensors. As a test case the position sensor is used fromthe left front shoulder of the ERS-7 Aibo. The joint is set to a speci�c position and from that positionslowly changed to measure only the precision error and its accuracy, without taking speed into account.The left front shoulder can move from -2.007 to 2.27 radians, 312 measurements have been done inthe range of -2 to 2 [rad] and are plotted in Figure B.1. The measured angles are close to the referenceline, but at the borders the measured angles di�er from the setpoints. Another test is performed in theinterval [-0.05 to 0.05] [rad] with, again, 312 measurements. Results are shown in Figure B.2. It showsthe stepsize of the sensor and the variation around the setpoints. The quantization error of the sensor isthe di�erence between the setpoint and the measured angle, as given in Figure B.3, and gives a betterinsight of the stepsize and variation. The minimal stepsize is 0.006 [rad] and the variation of the signalaround 0.012 [rad]. The measured values are the same or higher than the given setpoint.
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Table B.2: Speci�cations of the PID gainsP gain I gain D gaing s gain g s gain g s gainLeft Front Leg q1 20 14 5 4 2 2.44E-04 1 15 0.5Left Front Leg q2 28 14 7 8 2 4.88E-04 1 15 0.5Left Front Leg q3 28 14 7 8 2 4.88E-04 1 15 0.5Right Front Leg q1 20 14 5 4 2 2.44E-04 1 15 0.5Right Front Leg q2 28 14 7 8 2 4.88E-04 1 15 0.5Right Front Leg q3 28 14 7 8 2 4.88E-04 1 15 0.5Left Rear Leg q1 20 14 5 4 2 2.44E-04 1 15 0.5Left Rear Leg q2 28 14 7 8 2 4.88E-04 1 15 0.5Left Rear Leg q3 28 14 7 8 2 4.88E-04 1 15 0.5Right Rear Leg q1 20 14 5 4 2 2.44E-04 1 15 0.5Right Rear Leg q2 28 14 7 8 2 4.88E-04 1 15 0.5Right Rear Leg q3 28 14 7 8 2 4.88E-04 1 15 0.5Neck Tilt 1 10 14 2.5 4 2 2.44E-04 2 15 1Neck Pan 8 14 2 2 2 1.22E-04 4 15 2Neck Tilt 2 8 14 2 8 2 4.88E-04 2 15 1Tail Tilt 10 14 2.5 4 2 2.44E-04 4 15 2Tail Pan 10 14 2.5 4 2 2.44E-04 4 15 2Mouth 8 14 2 0 2 0.00E+00 4 15 2
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Figure B.1: Sensor range from -2 till 2 [rad], with 312 measurement points
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Figure B.2: Sensor range from -0.05 till 0.05 [rad], with 312 measurement points
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Appendix C
Walking Results
The dynamic model of the ERS-7 Aibo is tested with a walking pattern. The limits are tested and shownin this appendix. Some tests have been done without the oor, other tests checked the maximal frequencyor stability for a longer testing time.
C.1 Long Simulation Walk
To investigate if The stability of the simulated walk is investigated for a longer period than ten seconds.The simulation duration is �ve minutes, where the Aibo makes 298 steps as shown in Figure C.1. Thedrop to initialize the contact model give the Aibo an o�set, but stays constant. The vertical movementof the robot is also constant and the forward movement has a constant speed. Unfortunately this testhas not been performed on the real Aibo, because the motion �le would be too large.
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Figure C.1: Simulation of the Aibo model for 5 minutes. The sideways movement has an initial o�set
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C.2 Walking without the Floor
The inuence of the oor on the real robot is tested. The Aibo is �xed in the air without touchingthe oor with its feet. In Figure C.2 the result is shown with the reference signal, the results from thesimulation and the results of the measurements on the real Aibo. The result shows that the motor of thereal Aibo and the simulated Aibo can handle the speed and amplitude of the reference signal.
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Figure C.2: Simulation and real results compared. The reference signal is an one Hertz walking gait.The simulations and real measurements are done without the inuence of the oor on the feet
C.3 Higher Frequency Walking Patterns
The frequency of the walking algorithm is changed from one to two Hertz and tested, to see the e�ect onthe real Aibo. The setpoints in the motion �le can only handle a sampling frequency of 128 [ms], whichis not enough to a continuous reference signal. The real Aibo stumbles several times during the walk dueto this e�ect and a plot is made in Figure C.3 to show the measured joint angles.The sampling time of the motion �le is decreased from 128 to 96 [ms], which is under the advisedsampling time, the Aibo crashes every time during the loading of the motion �le. When the walkingpattern or algorithm is implemented in a C++ �le, the sampling frequency can be 8 [ms], but is nottested in this project.
C.4 Other Integration Methods
Di�erent integration methods are used to test the robustness of the model. The results of the methodsshould be the same in order to proof that the end result of each integration is correct. Runga-Kutte 4is used with a �xed stepsize, while there are other methods that are more exible. The model is testedwith the Modi�ed Backward Di�erentiation Formula (MBDF) and the result is shown in Figure C.4.The integration method Vode Adams is also used and this result is in Figure C.5. The results from the
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Figure C.3: Simulation of the Aibo model with a two Hertz walk
di�erent integration methods show the same movement of the Aibo. This shows that the integrationmethod does not inuence the result, only the integration stepsize must be small enough for the contactmodel of the oor.
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Figure C.4: MBDF integration method (10�5) for ten seconds with a displacement of 0.517 [m]
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