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Abstract. This document describes the 2008 TUlip teen-sibetrteam of the
3TU (Delft University of Technology, Eindhoven Ueisity of Technology
and University of Twente) and Philips. Our robesign is based on the limit
cycle walking robots of the Delft Biorobotics Lahtory. The theory is that a
stable, cyclic walking motion can exist without w&ipng high-bandwidth
position control in the joints. Therefore, we haspplied Series Elastic
Actuation, which provides accurate force contrdieTcontrol software (using
Darmstadt's RoboFrame) runs on a PC104 computér iitux Xenomai. For
the vision, Philips has developed human-like mimatsteerable eyes, the
stereo output of which will be processed by meananoFPGA for hardware
acceleration. Multi-body simulation tools are uded simulation of the low-
level behaviour of the robot, i.e. walking motistanding up, etc.

1 Introduction

RoboCup’s main goal is to promote the developmédnhwoman capabilities in
robots. The required capabilities lie both in tlegritive domain as well as in the
domain of motion control and execution. One fad@mga motion capability of
humans is that they can walk in a versatile andhyghily energy-efficient manner.
Recently, we have been able to obtain human-likeieficy in robot walking [1-6],
thanks to the development of the theory of “Limitc@® Walking” [7]. Our main goal
in participating in RoboCup 2008 is to demonstrtéie limit cycle walking motion,
and to test its robustness and versatility.



In addition to our walking robot research, our R8bp robot will demonstrate our
latest developments on human-like vision. The egés;tronics and software were
designed to mimic the appearance and functionirtgeohuman vision system.

The goal of this document is to describe the eraing solutions for our RoboCup
Teen-size soccer robot which is intended to padia in the competition in Suzhou,
July 2008.

2 Mechanical Design

TUlip is a teen sized (1.2m, 15kg) 14 degrees ekedom (DOF) autonomous
humanoid robot with 12 electrically actuated jojr#ise Fig. 1. This, combined with a
non-restrictive design, allows for a large rangenuftion around the lower body
joints. The hips each have 3 degrees of freedomhndilow for 90° about their x and

Fig. 1 CAD drawing of TUIlip and photograph of TUlip assdynbBebruary 2008.

1 N.B. We took the X-Y-Z coordinate plane to be depth, ttvidnd height
respectively of the robot, e.g. X is from frontliack, Y is from head to 'toe' and Z is
'shoulder to shoulder'.



3 Walking

3.1 Limit Cycle Walking

Our walking research focuses on energy-efficiewt launman-like walking motions.
This research is based on earlier research onveaBsinamic Walking [8], which
featured passive legged mechanisms that could d@aln a shallow slope with no
actuation or control. Their motion was naturallatde without requiring active
control. Their energetic cost for walking is lekan 0.1 Joules per unit of weight per
meter traveled. Adding weak actuation [1,6] to tancept of Passive Dynamic
Walking led to prototypes that walked on level grdwvith similar low energy use, in
the same range as human walking but ten times mifi@ent [1] than the Honda
Asimo [9]. Asimo and most other currently existingalking robots use high-
bandwidth position control in all of the joints@nder to accurately follow pre-defined
trajectories. Position control, however, does itovéll with the purpose of walking.
It does not matter much what the exact knee asgl®i example, as long as it bends
sufficiently during the swing phase. We realizedttive can trade position accuracy
for efficiency by using force control. As a resuite could not design our robot with
standard servo motors, but we had to design ouramiumtion system.

3.2 Joint Actuation

TUIip uses Series Elastic Actuation [10]; a spriagolaced between the load and
the motor (i.e., in the steel cable connectingrti@or with the joint). The rotational
difference between the motor and the joint (meabwrigh two encoders) determines
the spring expansion and thus the actuation torque.

The joints actuated trough series elastic actuaienthe Ry (rotation about the y
axis) of the knee, ankle and hip as well as th@Rhe ankle. All together, the robot
uses 10 Maxon type RE30, three of which are locateshch hip (Rx, Ry and Rz),
one for each ankle and one for each knee and 2 iMgx® RE25 DC motors, for the
shoulders, with HEDS encoders to actuate the joifite Y- rotation of both hips,
knees and ankles are series-elastic actuated pritigs and Bowden cables.

An additional advantage of series elastic actuai®rthat it increases shock
tolerance for the motor gearbox.

4 Electronics

4.1 Amplifiers and sensors

The MAXON motors are powered by ELMO WHISTLE 5/6Ggithl servo
amplifiers which are PWM controlled by a PC104 ktplus a Mesa 4165 Anything-
I/O PCB running the Mesa Hostmot12 software omwitsoard Xilinx Spartan-II 200k
gate FPGA.

The hip, knee and ankle of both legs have 8 aduitiGCANCON encoders,
which are connected to a second 4165 PCB runningadified version of the
Hostmot12 software on its FPGA. Each foot has fbekscan Flexiforce pressure
sensors in order to determine the center of pres3ure force sensors are interfaced
using custom-designed ARM7 board, which is uselingarize the sensor's signals,
and give pressure and position values to the derdrdroller. Furthermore the ARM7



board is equipped with a 3D accelerometer usectterchine the precise moment of
impact of the foot with the floor or the ball. Tfeot electronics are interfaced to the
main control system using a standard USB interfatese signals will be used for
stability control together with an Xsens Mti sen'smthg upper body.

-

Fig 2. Foot equ]pped with pressurbe’ sensolrs and accelegoimeard

4.3 Control System

Both Mesa 4165 PCB’s and a 5VDC power supply areim@d on the PC104-Plus
stack of an EPIC format sized Diamond Poseidonlsibgard computer with a 1GHz
Via Eden CPU. The Poseidon PCB also contains 518DBRAM, a 4GB Flashdisk
and digital and analog I/O. All encoders are cotertto a custom designed Encoder
connection PCB, while the 12 Whistle servo ampshasented on 2 custom designed
PCB’s. To monitor the battery status we have a M@B battery monitor IC’s that
automatically switch off the power to prevent exsies discharge of the batteries.

PCI04 Stack

Ampliier PCB

Encoder PCE

Fig 3. TUlip test setup with the CPU stack, encoder panelservo

The computer is powered by a Kokam 3-cell 6 Ah Lidtery, the motors by a
separate 8 cell 26.4 Ah LiPo battery. Uptime witlistsetup should be about 30
minutes.



On the head we implemented a stereo vision systeinguspecial vision
accelerating hardware from the Quantitative Imaggngup of the TUD. On the
Poseidon we run an Xenomai Linux build on DebianRAEOS platform. Linux
drivers for the Mesa4l65 Anything-10 boards haverbdeveloped by the Embedded
Systems group of the UT.

5 Software

5.1 Overview

The software system controlling TUIip is based be toncept of independent
modules each performing their own specific taske Sbftware architecture is based
on the RoboFrame framework developed by the GeriRa@bocup team of Darmstadt
Technical University [11]. This is a C++ based feamork that provides a number of
services to robot control applications such as nedwnagement, timers, intra and
inter-process communication, a GUI template, andeless UDP communication
using 802.11g hardware.

As the current TUIip robots are partly based omgigles learned from the TU
Delft Flame biped some of the software designrislar. Flame uses a motion control
based on hierarchical state machines. The statdingsc aid efficient concurrent
design and implementation of the various behavisesl to control the robot.

To offer a particular service to the rest of thelegation a module needs to publish
a well defined interface consisting of message$ tiam be transmitted using the
communication facilities the RoboFrame supplies.ekample of such an interface is
the set of commands the motion module accepts th@rest of the system; each
message indicates a particular type of motion wijitionally a list of parameters.

The main modules present in the Dutch Robotics tolawe Motion, Vision,
Communications, World Model and Strategy. All thesedules run on the Poseidon
SBC.

5.2 Motion

The RoboFrame has no native software support &dftime platforms required for
motion control. Therefore, this part of the systemimplemented outside of the
RoboFrame application, but still on the PoseidonCSBhere are no dedicated
hardware control systems. For operational redihilithe motion control is
implemented as a separate real-time process iotegfavith an adapter module that is
running inside the RoboFrame application. This Hobhme module accepts
commands from other modules (strategy) and relagset to the real-time process
running the actual motion control. Sensor data ftbenmotion controller is sent back
through the adapter for use by the rest of the nesdT his prevents disastrous motor
behavior when a non real-time application (visiang behavior modules) crashes.

5.3 World Model

The world model is responsible for maintaining mfiation about the state of the
external world. It receives sensor data from bb# motion and vision modules, as
well as information through the communications med@all other modules that need
information on the robot state (attitude, positisigwing direction) depend on the



world model. Strategy relies on the world model performing autonomous control
of the robots actions in the soccer field.

6 Vision

Fig. 4 Experimental setup of the eyes and the drivingtedecs

6.1 Eyes

Figure 3 shows an experimental setup of the eydstta driving electronics. At
the time of writing, we intend to use this setupur TUlip robot. The head and neck
as used on the robot are currently under constmuckor a sense of scale: eye-to-eye
distance is approximately 8 cm. The hardware in pieture was developed by
Philips.

An important aspect of human eyes is their abitdymove. It serves several
purposes, including:

. stabilization to prevent motion blur

. increasing the effective resolution of the eyebinting at and

. tracking interesting features

. communication with other humans
Stabilization is directly applicable to a walkingoot. So is searching out and tracking
interesting and relevant features in a large seasphce. The third reason,
communication, is a rapidly developing roboticsesh field in itself. These reasons
motivate us to develop a human-like vision solutigth two actuated eyes.

The range of motion for the eye is approx 30 degfeem neutral in all directions,
60 degrees total. Speeds and accelerations maisé ti the human eye (roughly 100
deg/s and 10,000 deg/s2).

6.2 Head-Neck Assembly

The main function of the head is to support the &yes. In addition it has been
designed to look friendly and non-threatening. Tesign matches that of the robot
exterior. In order to see its feet or objects $osides the neck provides pan and tilt
ability. An additional degree of freedom in the kegrovides the ability to move the
head forwards and backwards in a gesture indicatilegest or fright.

The head is about 15 cm in height with a 5 cm n&dnges of motion are 120
degrees for pan, 100 degrees for tilt and a forvibackward stroke of about 3 cm.



Positioning is accurate to about 1 degree and sp@edsuch that the range of motion
can be covered within one second.

6.3 Control

The stabilization algorithm takes orientation andederation data from the Xsens
and counteracts head rotations and displacemehts.saccade algorithm points the
eye at salient features in the environment. Thetroballenging part here is the
detection, selection and tracking in time of thésatures. The pursuit algorithm,
finally, smoothly tracks a selected salient featifiré is moving. Again, the most
challenging task here is visual.

6.4 Image Processing

The task of image processing is to determine thation of features in the world
from the images produced by the cameras. Integefitures in a Robocup game are
ball, goal, opponents, field markers and such. Viken software proceeds basically
as follows:

. Apply lens distortion correction and epipolaigalnent to the images

. Segment by color

. Detect features in segmented image

. Perform sparse stereovision on color-segmentaitifes

. Combine many different hints gathered from theages to determine

position in the world

In addition, there is the possibility of dense stetision. This is computationally
more expensive, but allows for instance the detactif the ground plane. This
ground plane, with a known color, can then be usedorovide on-line color
calibration information for adapting to varyingligconditions.

7 Simulation

Fig. 5 Animation of the Tulip robot standing up in simtie

7.1 Introduction
In order to get up to speed with the proposed matiantrol of the TUIip robot, a
dynamic simulation model has been made for testiggrithms and controllers for



various robot tasks. Currently, simulations areilalpée of basic movements such as
standing up [5].

7.2 The Simulation Package

The simulation consist of a multi-body dynamics elodf the robots mechanical
structure, combined with detailed models of thedusetuators (Maxon RE30 series),
models of the used ELMO amplifiers, modeled diseftD controllers and a separate
DLL containing the setpoint generation. Eventuatlywill be possible to use the
source-code of the DLL directly within the robotsentrol software. This enables
several parties to write their controllers anditgsthem using simulation, before
uploading them to the robot’s control framework aioihg the ‘real world’ testing.

The multibody-model is made in the 3D-mechanicsbmo of 20sim. This model
uses screw-theory [12] and port-based modelingrigcles, focusing on energy flow
within the system.
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