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Abstract: This paper presents the design and realizatiotn@humanoid robots JOHNNIE and LOLA at the Institute
of Applied Mechanics, Technische Univeisivinchen (AM-TUM). The presentation focuses on the new roBaL
and the differences in it's hardware design compared to JOIHRE. Furthermore, the simulation used for developing
both robot hardware and control software is presented.
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INTRODUCTION

Driven by the rapid development of actuator and computdntek
ogy, an increasing number of more and more sophisticatecahaid
robots is being developed (Hirai et al., 1998, Nishiwakilet2002b,
Ishida et al., 2003, Kaneko et al., 2004, Ogura et al., 200, &t al.,
2005). Bipedal walking is considered to be one of the corbrielo-
gies for a humanoid robot. While most biped robots are ablelese
reliable dynamic walking, walking speeds still are slowrfaost robots
when compared with human walking. Recenfh\gIMOwas reported
to run as fast as 6 km/h (Honda, 2005), but almost no detatiseocon-
troller and hardware design have been published yet. Hawa&MO
can be seen as proof that a fully actuated biped with a stifttire
is capable of fast locomotion. Other recent developmertg lery
promising as well. The top speed BIRP-2is 2.5km/h (Kaneko et
al., 2004) and there are attempts to realize a running metitimboth
feet lifting off the ground (Kajita et al., 2004). Our rob@®OHNNIE
(Fig. 1) has reached a maximum of 2.4 km/h (Pfeiffer et al0Q0

Based on the experiences wifOHNNIE the humanoid robot
LOLA with enh_anc_ed pen‘o_rmance is being o!evelope_d. _The_ goal of Figure 1 — The biped robot Johnnie.
our current project is to realize a fast, human-like walkingtion, i. e.
a significant increase in walking speed, more flexible gatiigpas and
increased autonomy. Besides the challenging control preglinherent in fast walking, research effort is also resguir
for the robot hardware. Obviously, the robot must be ablertwige the required velocities at a high dynamic response.
Then there is the important issue of choosing the best kitieroanfiguration. And, generally speaking, the weight of
the robot has to be kept at a minimum which must be balancdd thvit requirements for powerful actuators and high
structural stiffness.

The paper is organized as follows. First, the kinematiccstme of the robotdOHNNIEandLOLA s presented. The
following section gives a short overview of the dimensianof the robot hardware including motor and gear selection.
Next, the modular joint concept fatOLA is introduced, followed by a brief overview of the simulatitool developed
for the robot’s hardware and controller design. Finallye #lectronics concept using decentralized joint contrelie
presented.

KINEMATIC STRUCTURE OF JOHNNIE AND LOLA

Our special interest is the realization of a fast, humaa-lilalking motion. Therefore the kinematic configuration of
the robots is mainly determined by the characteristics ofiéin walking. The robolOHNNIE(cf. Fig. 1) has a total of
17 actuated degrees of freedom (DoF): 12 for the legs (6 eadh) the torso and 4 for the Arms. Its physical dimensions
are based on anthropometric data and correspond with anmi&alcadult. ForLOLA 5 new joints are introduced in
addition to the 17 DoF adOHNNIE—elbow joints, a 2-DoF waist joint and toe joints, giving tlodot a total of 22 DoF.
The kinematic structure and the CAD model of tteLA are shown in Fig. 2.
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Elbow joint Especially at higher walking speeds a recip-
rocal arm swing is of great importance to reduce the yaw
moment between foot and ground (Perry, 1992). Arm mo-
tion is used only to avoid slipping, so full arms with hands
are not needed but the arms are equipped with additional
masses at their ends. However, introducing elbow joints
is advantageous for fast walking, since they permit trans-
lational arm swing. This is more effective than a purely
rotational motion. In addition, the moment of inertia of
the arms can be adjusted by using the elbow and shoulder
(roll axis) joints.

2-DoF waist Joint A 2-DoF waist allows torso and
pelvis to roll and yaw independently which allows to in-
crease step length and provides more mobility for lat-
eral motions. The roll axis facilitates walking with a
straight stance leg at nearly constant height of the cerfFigure 2 — CAD model and joint structure of the robot
ter of gravity (Perry, 1992). The yaw axis can further be LOLA. The newly introduced DoF are marked in red.
used to compensate for the yaw moment between foot and

ground.WABIAN-2 LLhas a similar waist joint configura-

tion (Ogura et al., 2004).

Hip joint The 3-DoF hip joint is of particular interest
since it connects leg and pelvis and its overall stiffness
considerably influences the walking performance. The hip
joint shown in Fig. 3(a) is actuated by three serial drives
composing a spherical joint with axes intersecting at one
point. Its compact design allows for keeping anthropomet-
ric proportions throughout the robot including the height
of the torso. For better power distribution among the threq
hip drives, the yaw axis is inclined 1%o the vertical axis,
(cf. Gienger, 2005).

Knee joint with linear actuator ~ Torques and velocities
of knee and hip pitch axis are similar, so that the intention - :
of a modular design originally implied the use of identical (a) Hip joint with intersecting axes (b) Knee joint with lin-
drives. However, using the hip joint module for the knee is ear actuator
problematic because its mass would unacceptably increase
the thigh moment of inertia. In turn a large part of the
enhanced hip joint output would be spent on acceleratingugibeknee. Because of positive experience with ballscrews
in the ankle joints ofJOHNNIE (Gienger et al., 2001) we went for the same actuation priadipr the knees. The
“muscle-like” mechanism is shown schematically on the ¢éfFig. 4, the actual mechanical configuration is depicted
in Fig. 3(b). Thus, a better mass distribution in the higgtharea is achieved aidDLA's thigh’'s moment of inertia is

Figure 3 — Hip joint and knee joint
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only marginally higher thadOHNNIEs. Thus, the driving power of the knee could be enhancedawitklecreasing the
hip joint's performance. The mechanism has nonlinear feari®ehavior which is advantageous for typical gait patern
since the torque markedly depends on the link position asdteanaximum at around 50 Figure 4 shows the torque
requirements in the knee for a walking speed of 5km/h contbtoehe torque capacity of the drive and the velocity
dependent capacity of the human knee. The trajectories eacalated with a method based on nonlinear parameter
optimization (Buschmann et al., 2005).

The biped roboBIP 2000(Espiau and Sardain, 2000) employs linear actuators inteesk however, the kinematics
are different from the proposed mechanism: A satelliteeradcrew is fixed to the shank, and connected to the knee with
a steering rod. An additional linear bearing is requiredeejkthe satellite roller screw free from radial loads.

7-DoF legs with toe joints Nearly all humanoid robots includingOHNNIEare designed with 6-DoF legs—3 DoF in
the hip, one in the knee and two in the ankle. Each foot canefsbne rigid body, therefore heel lift-off during terminal
stance phase can hardly be realized. Even small disturbdead to instabilities due to the line contact of the foot’s
leading edge with the floor. In human walking heel lift-off thie stance leg occurs during terminal swing, i.e. shortly
before the swing leg has floor contact (Perry, 1992). Fordipdots with one-piece foot segments forward roll across
the forefoot constitutes an underactuated, marginallylststate and is therefore not performed during normal walki
Especially for larger step lengths, this leads to an extéhaee configuration at initial contact of the swing leg, t8sg

in large joint accelerations.

Therefore an additional link between forefoot and heelegjant to the human toes is proposed. Heel lift-off in the
stance leg allows the swing leg to be in a more extended coafign. Area contact of the toe segment stabilizes the robot
and facilitates forward roll across the forefoot which ipegted to reduce the joint loads in hip and knee compared to a
6-DoF leg configuration. To our knowledge the only humanaeiih actively driven toe joints arelé andH7 (Nishiwaki
et al. 2002a), and there are only few robots with passivediogs.

DESIGN OF ROBOT HARDWARE

Dimensioning of the robot hardware is an iterative procdsaexhanical design and extensive multibody simulations
(Pfeiffer, 2004). Kinematics, geometrical data and gesardmission ratios, together with body masses and inertéred
from the 3D-CAD model of the robot serve as input parametarthie dynamic simulation of the system (cf. “DYNAMIC
SIMULATION"). The most important parameters obtained frtdm simulation are the joint torques and angular velocities
used for motor and gear selection, and the constraint faacgag on the robot’s links to be used for Finite Element
simulations.

Selection of the actuators is a demanding
task because they must be able to move at high
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of 5km/h (Buschmann et al., 2005). From the Motortorque [Nom]

right hand plot it can be seen that the torquggyre 5 — Torque and speed requirements of the hip joint pitch axis
demands for gear ratios f = 80 andN = 50 and torque speed diagram of the motor

are similar. However, the higher motor speed

atN = 80 means that the motor torque is mainly spent on accelgriitemmotor shaft. Fd = 50 a motor with less power
(and weight) can be chosen, which is shown by the shaded m@@senting the motor characteristic for continuous and
intermittent operation. Thus, drive efficiency, denotedty ratio of load moment and motor shaft acceleration tarque
can be increased because the torque and speed bandwidtlessofployed motors permit smaller gear ratios.

MODULAR JOINT CONCEPT FOR LOLA

Obviously, a modular structure of the whole robot would bsidble from the manufacturing and maintenance point
of view. However, a fully modular structure would lead to Iy weight and suboptimal mass distribution. The detailed
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Figure 6 — Comparing the power density of commercially available DC mo tors and PMSM

analysis in Gienger, 2005, reveals that structural compisneontribute 43 % tdOHNNIEs weight. With approximately
31 % the drive chains make the second largest part—22.7 % acémuthe motors and another 7.9 % for the gears,
making the development of compact and lightweight jointsiaicrucial factor.

The main structure of the robot is non-modular with jointattare built on the unit construction principle. They have
identical structure with the sizes of gear and motor adafieélke requirements of each link. Many parts are standaddize
for all drives, but some housings are specialized to mingmizight and to achieve an optimal load spread and distabuti
This turned out to be the most reasonable way to design tha edbminimal weight while taking into account ease of
manufacturing. There are only 7 different drives for the 2Riated DoF o£ OLA.

To realize such highly integrated joint units with maximuower density it is necessary to use the latest technologies
in the field of electrical drives, gears and sensors. Culrethie predominant actuation principle for humanoid rahista
combination of Harmonic Drive gears and DC brush motors,tim@supled with timing belts (Nishiwaki et al., 2002b,
Kaneko et al., 2004, Ogura et al., 2004, Kim et al., 2005).A%iMO (Honda, 2005) an&TL-HUMANOID(Nagakubo
et al., 2001) both DC brush motors and DC brushless motore e joints through Harmonic Drive gea®OHNNIEIs
actuated by DC brush motors and Harmonic Drive gears, efoefite ankle joints that are driven by parallel mechanisms
with ballscrews (Gienger, 2001). The rot®itP 2000(Espiau and Sardain, 2000) is equipped with brushless maiwa
Harmonic Drive gears or satellite roller screws.

For LOLAwe use high performance brushless motors from Parker Baysdause of their superior torque and speed
capabilities. Linear drives based on ballscrews are usddé@e and ankle joints, all other joints employ Harmonic
Drive gears as speed reducers. Each drive unit containscaeniental rotary encoder, an absolute angular encoder as
link position sensor and a light barrier as limit switch. Thsion of motor, gear and sensors into a highly integrated,
mechatronic joint module has several advantages for théendystem:

e High velocity range at good dynamic performance,
e high power density, i.e. high efficiency,
e comparatively small volume of the whole drive unit,

o reliability due to brushless design of the motors and thebaipy of self-monitoring and diagnosis.

The main reasons for us to choose permanent magnet syncisramators (PMSM) over DC brush motors floDLA
are robustness, a significantly higher power density, agtidritorque and speed bandwidths. Figure 6 compares the
performance data of commercially available DC brush moémd PMSM. Obviously, PMSM are superior to DC brush
motors in both specific peak and continuous torque. Howeweitrol algorithms and power electronics are more complex
because of electronic commutation and three-phase deBigiEM permit larger stall torques for longer intervals than
DC motors where mechanical commutation severely limith sieque. This is especially important for slow motions
or when the robot is standing, i.e. when the motors are inrsavg operation around zero speed or joint positions are
held for a certain time. A special type of PMSM drameless motorsvhich consist of a stator lamination stack with
three-phase winding plus a rotor with permanent magnetddmbonto a ferrous tube. Motor shaft and bearing have to be
custom-made which facilitates a space-saving integratiactly into the joint. There is no need for couplings or itiign
belts, making the whole drive chain free from backlash aipdesid, ultimately, increases stiffness and system barttwid
For optimal heat transfer the joint housing has cooling fingd the stator is bonded into the housing with a thermally
conductive adhesive. Additional forced ventilation is éoyed in the highly loaded knee and hip joints. The joint dasi
is given in greater detail in Lohmeier et al., 2006.

DYNAMIC SIMULATION

Design and sizing of the robot’s mechanical and electrooiomonents must be based on comprehensive simulation
data. Similarly, development of the control and trajectgeperation system and dynamics analysis require a sironlati
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model capable of accurately predicting all physical phesioanof interest. To this end we implemented a modular sim-
ulation system that can be used to simulate various robdigroations during development. Figure 7 shows the logical
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Figure 7 — Schematic representation of the simulation system.

structure of the simulation system. The modules shown intdpehalf of the diagram simulate the sensors, actuators,
power electronics and dynamics, i.e. the robot hardware.riibdule “trajectory generation and control” implements th
entire robot control. The simulation system and the reabtqovide source-level compatible interfaces for sensaa d
acquisition and control commands. Thus the simulationrenment allows to safely test unmodified controller code in a
virtual environment prior to conducting experiments.

LOLAs andJOHNNIEs links are made of aluminum and designed for high stiffn@$erefore, the robot is modeled
as a rigid multibody system (MBS). The equations of motio@KE are calculated in minimal coordinates using the
NEWTON-EULER formalism and written in the following form:

Mquh(q,Q) = Qmot+ Qgear+ Qcont (1)
Li=-Rl—kw¢+U )

whereq are the generalized coordinatéd,the mass matrix ant the vector of Coriolis forces, centrifugal forces etc.
Therefore, the left hand side of (1) takes into account &lat$ due to rigid body mechanics, including nonlineardzatw
drive mechanisms etc., while the remaining generalizecEfoare given on the right hand sid@yot are the forces due to
motor torquesQqeargeneralized gear friction forces a@kont forces due to foot-ground contact. Equation (2) describes
the electrical dynamics of the robot’s motors. In case of RMSBotors, the equations hold for the coordinate system fixed
to the motor shaftL denotes the inductanck,the armature resistandey the torque constank,the motor currents and

U the applied voltage. The modeling procedure is explainedare detail in Buschmann, 2006.

Experimental Verification

In order to verify modeling assumptions, we performed wadkexperiments wittlOHNNIE and implemented a
simulation model using the software framework describea/abFigure 8 shows the normal reaction force acting on one
foot measured during the experiment and the correspondisigits from a detailed and a simplified simulation model.
The detailed simulation includes nonlinear friction madel the Harmonic Drive gears and ballscrews, effects dilego
nonlinear ballscrew drive mechanisms and the motor’s etattdynamics. Using this model, all relevant effects can b
predicted with sufficient accuracy. In order to reduce satioh times, a simplified model with shorter integrationesn
was implemented. The simplified model does not include sifelete as drive friction, but still predicts global system
dynamics quite accurately as shown in Fig. 8. More detaihentivo simulation models is given in Buschmann, 2006.
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Figure 8 — Normal force acting on  JOHNNIE’s right foot during an experiment and simulation results.
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MODULAR COMPUTER SYSTEM

With 22 actuators and several sensors not mentioned aboge ferce/torque sensors, attitude sendddLAis a
rather complex system. A decentral electronics architectuould complement the modular joint concept and would
be preferable in order to decrease complexity, to simplifstfiime operation and to make the system expandable for
additional degrees of freedom or sensors. Unfortunatelyllg decentral controller architectures is not suitabde f
humanoid robots due to the highly coupled dynamics. Howevéer possible and reasonable to shift low-level control
of joint positions and velocities to local controllers. Tfield-orientated control algorithms for brushless motors a
computationally more expensive than controllers for DC anat In our robotLOLA the central system controller is
unloaded from these standard tasks, and motor control uéxe in parallel on the embedded controllers.

The proposed modular electronics system makes custom hezdwecessary for the embedded controllers because of
the combination of interfaces, comprising communicatiog, labsolute angular encoder and other sensors. Howefrer, of
the-shelf components will be used for the central systentrober. An industrial PC board supplemented by an intexfac
board for the communication bus turns out to be the most efficsolution, as it provides enough computational power
and can be upgraded easily.

For a decentral architecture, bus systems for both powercantmunication replace the complex, bulky cabling
of a central system where cables contribute 4.7 % to the wa@ht (Gienger, 2005). The major requirements on the
communication bus employed between central system céertanid local controllers include

e Real-time capability and a high level of determinism,

e guaranteed bandwidth with minimal protocol overhead.

Compared to an IEEE 1394-based solution, different implaatens of real-time Ethernet and CAN, a SERCOS-III-
based system turned out to be the best solution. SERCOS-#lIdigital communication interface based on Ethernet
physics for communication of standardized closed-loofa dlatreal-time. It provides an accurately timed, high speed
serial interface (max. 100 MBaud) and is about to be adopgeshanternational standard (IEC/PAS 62410, 2005). The
SERCOS-III protocol defines both cyclic communication witbeterministic time slices for real-time communications
and a non-cyclic channel for non-real-time data transfech sis status and diagnostic messages. The non-cyclicedhann
also facilitates parametrization of the drives, switchiiregween different operating modes and gain scheduling.

CONCLUSION AND OUTLOOK

Despite recent advances walking machines are still slonwpewoed to biological systems and have limited autonomy.
The intention of the research presented is to diminish thfs ¢n comparison tdOHNNIE the new robot OLA features
a modular, multisensory joint design with brushless motdree electronics architecture is designed as an “inteilige
sensor-actuator network with a central controller”. Thevrdecentral components increase the system’s performance
from a technological point of view. Additional DoFs are wdiuced to allow for more flexible and natural motions.
The trajectory generation and control system is currendingy developed, aiming for faster, more flexible and more
robust walking patterns. The control system features apgdifern adaptation scheme inspired by that observed in huma
walking. Nevertheless, we are just at the beginning of @kidvantage of biological findings and transferring some of
the observed principles to technological systems. Thissfex promises significant advantages for the science$viedo
At the same time it poses a great challenge and requiresefuititerdisciplinary research by scientists from biology,
medicine and engineering.

ACKNOWLEDGMENTS
This work is supported by the “Deutsche Forschungsgemie#aiSqProject UL 105/28).

REFERENCES

Buschmann, T., Lohmeier, S., Ulbrich, H. and Pfeiffer, Bptimization based gait pattern generation for a bipedtdbo
in Proc. Int. Conf. Humanoid Rob. (Humanoigd$sukuba, Japan, 2005.

Buschmann, T., Lohmeier, S., Ulbrich, H. and Pfeiffer, fgoteling and simulation of a biped robot,” Proc. IEEE
Int. Conf. Rob. Aut. (ICRArlando, USA, 2006.

Espiau, B. and Sardain, P., “The anthropomorphic bipedtrBiti® 2000,” inProc. IEEE Int. Conf. Rob. Aut. (ICRA)
San Francisco, USA, 2000, pp. 3997-4002.

Gienger, M., “Entwurf und Realisierung einer zweibeinigesufmaschine”, ser. Fortschrittberichte VDI, Reihe 1.
Dusseldorf: VDI-Verlag, 2005, no. Nr. 378.

Gienger, M., loffler, K. and Pfeiffer, F., “Towards the design of a bipedgog robot,” inProc. IEEE Int. Conf. Rob.
Aut. (ICRA) Seoul, Korea, 2001, pp. 4140-4145.



H. Ulbrich, T. Buschmann, S. Lohmeier

Hirai. K, Hirose. M, and Takenaka. T, “The development of Hammumanoid robot,” ifProc. IEEE Int. Conf. Rob. Aut.
(ICRA), Leuven, Belgium, 1998, pp. 1321-1326.

Hirzinger. G, Sporer. N, Albu-Sdiifer, A., Hahnle, M., Krenn. R, Pascucci. A, and Schedl. M, “DLR’s targuontrolled
light weight robot 11l — are we reaching the technologicaiilis now?” inProc. IEEE Int. Conf. Rob. Aut. (ICRA)
vol. 2, Washington, DC USA, 2002, pp. 1710-1716.

Honda Motor Co., Ltd., (2005, Dec), “New ASIMO - running atrek.” [Online]. Available: http://worl d.
honda. com HDTV/ ASI MO New ASI MO r un- 6knh/

Ishida. T, Kuroki. Y, and Yamaguchi. J, “Mechanical systefna @mall biped entertainment robot,” Proc. IEEE/RSJ
Int. Conf. Rob. Sys. (IROS)003, pp. 1129-1134.

Kajita. S, Nagasaki. T, Kaneko. K, K. Yokoi, and K. Tanie, “8ghtowards running humanoid biped,”#roc. IEEE Int.
Conf. Rob. Aut. (ICRAR004, pp. 629—-635.

Kaneko. K, Kanehiro. F, Kajita. S, Hirukawa. H, KawasakiHirata. M, Akachi. K, and Isozumi. T, “Humanoid robot
HRP-2;” inProc. IEEE Int. Conf. Rob. Aut. (ICRA)ew Orleans, USA, 2004, pp. 1083-1090.

Kim, J.-Y., Park, I.-W., Lee. J, Kim, M.-S., Cho, B.-K. and QhH., “System design and dynamic walking of humanoid
robot KHR-2,” inProc. IEEE Int. Conf. Rob. Aut. (ICRA2005, pp. 1443-1448.

Lohmeier. S, Buschmann. T, Ulbrich. H, and Pfeiffer. F, “Mitatt joint design for a performance enhanced humanoid
robot,” in Proc. IEEE Int. Conf. Rob. Aut. (ICRADPrlando, USA, 2006.

Nagakubo. A, Kuniyoshi. Y, and Cheng. G, “ETL-humanoid-ghhperformance full body humanoid system for versa-
tile actions,” inProc. IEEE/RSJ Int. Conf. Rob. Sys. (IROE)01, pp. 1087-1092.

Nishiwaki, K., Kagami, S., Kuniyoshi, Y., Inaba, M. and IrguH., “Toe joints that enhance bipedal and fullbody motion
of humanoid robots,” ifProc. IEEE Int. Conf. Rob. Aut. (ICRA)Vashington, USA, 2002, pp. 3105-3110.

Nishiwaki. K, Kagami. S, Kuffner. J, Inaba. M, and Inoue. Hifmanoid “JSK-H7”: Research platform for autonomous
behavior and whole body motion,” iRroc. Int. Workshop Humanoid and human friendly RobotidsR)
Tsukuba, Japan, 2002, pp. 2-9.

Ogura, Y., Aikawa, H., Lim, H.-O. and Takanishi, A, “Developnt of a human-like walking robot having two 7-DOF
legs and a 2-DOF waist,” iRroc. IEEE Int. Conf. Rob. Aut. (ICRA3004, pp. 134-139.

Perry,J.,“Gait Analysis — Normal and Pathological Functjd992.

Pfeiffer. F, “Technical aspects of walking,” in “Walking: i@ogical and Technical Aspects (CISM Courses and Lec-
tures)”, ser. CISM Courses and Lectures, Pfeiffer. F andirdka. T, Berlin, Heidelberg, New York: Springer,
2004, vol. 467, pp. 119-153.

Pfeiffer. F, Loffler, K., Gienger. M, and H. Sensor, “Ulbrich and contrgbests of biped robot “Johnnie”hternational
Journal of Humanoid Robotics (IJHRjyol. 1, no. 3, pp. 481-496, 2004.

IEC/PAS 62410, “Real-time Ethernet SERCOS IlI”, Sep. 2005.

RESPONSIBILITY NOTICE
The author(s) is (are) the only responsible for the printedemal included in this paper.



