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~ Abstract—This paper describes the use of an actuated toes Section V describes how Toni is controlled to achieve human-
jointin a humanoid robot to achieve human-like bipedal walking.  |ike walking with toes joint and straight stance leg. Sectid

The robot does not shorten the stance leg, but uses the segmeng,ymarizes experimental results obtained with this gait.
between the ankle joint and the toes joint to over-extend the

unloading leg in the double-support phase.
Experiments with the servo-based humanoid robot Toni show Il. RELATED WORK

g‘nag g‘l:zﬁf?ﬂr’gﬁg?g'e da;jnsa;)i(')%‘fl’yevr\‘,iet;]g}’;ggssl:&g'0” LS Humanoid robots have become a very popular research tool.
Their anthropomorphic body shape is helpful for acting in
Index Terms—Humanoid robot, bipedal walking, toes joint.  environments that have been designed for humans, in piarticu
for the interaction with people. In addition to speech, a

humanoid robot can try to use the same means for intuitive

|. INTRODUCTION multimodal communication that people use: body language,

Sqestures, mimics, and gaze. Consequently, a number of re-

. . . Search groups, especially in Japan, are constructing hoichan
been investigated by several researchers. For instanc group P y P 9

Hirai [1] states that toes joints are not necessary for tﬂpeJO%Ots' A list of projects is m‘f’"”ta”?ed by Willis [4] -
. . Only few researchers have investigated the use of toesjoint
walking. Consequently, almost all humanoid robots havenbe

constructed with a non-actuated foot-plate. Honda Asinjo [. r bipedal robots. Kumagai and Emura [5] proposed the use

and Johnnie [3] are examples for bipedal robots that w. | passive toes joints in order to "’.‘Ch'e"e stable_ fO.OF gtin
. S oganezawa and Osamu [6] describe a robot with joints that
without toes joints.

. . . can be used both in an active and a passive mode. They
In.order 0 shiit the weight from the unloading leg to th ropose the use of toes joints to decrease energy consumptio
Ioad!ng leg in the double-support phase, the Iength_ of t ile walking. Active toes joints have also been proposed to
loading leg must be shortened relative to the unloading Ie&ep—up stairs [7], [8].
When walking with large steps, most humanoid robots shorten.l.0 our knowled'ge, only the H6/7 robots of Tokyo University
Hgssess active toes joints. Nishiwaki et al. [9] descrileg tise

leads to the binedal Iki ith bent st | th tto reduce maximal knee-joint speed while walking, to inseea
€ads to he bipedal walking wi ent stance legs that gzo step height when climbing, and to knee down with limited

typical for today's humanoid robots. This walk does not onl nee-joint angle.

look unnatural, it also leads to high torques in the knee, hip In addition to the expensive larger humanoid robots, which

and ankle joints of the stance leg. Consequently, high-powaer usually driven by DC-motors and harmonic drive, gears

actuators are needed and energy consumption is high as Ws%tne smaller servo-driven humanoid robots have been dé—
Humans walk in a different way. They do not shorten thg, e recently [10], [11], [12]. Servo motors are used for

loading leg, but over-extend the unloading leg. This is@obdl 1, ,manoid robots because of their low cost and because of thei

by bending the foot while standing on the toes. The segmenf,q \eight-to-torque ratio. The servo-driven robots hape

between the ankle joint and the toes joint provides the ex§@ »5poFs and a size of 30-40cm. None of these robots has
leg length needed to shift the weight. The over-extension Qfag joints.

the unloading leg allows for a straight stance leg, and hence
for energy-ef cient walking. We applied this observation t
the design and the control of the humanoid robot Toni.

This paper is organized as follows. In the next section, Fig- 1 shows two views of our humanoid robot Toni, ready
we review some of the related work. Section IIl describd§ kick the ball. It has been designed for the 2005 RoboCup

Toni's mechanical and Section 1V its electrical design itedle Humanqid League Competitions. As can be seen, Toni has
human-like proportions and a slim appearance. Its mechhnic

This work was supported by the DFG (Deutsche Forschungsigeoiaft), d€Sign focused on weight reduction. Toni is 74cm tall and has
grant BE 2556/2-1. a total weight of only 2.2kg.

HE importance of toes joints for bipedal walking ha

leg is in this situation already fully extended. This apmtoa

I1l. M ECHANICAL DESIGN
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The robot is driven by 18 servo motors: 6 per leg and 3 incated in each thigh and one board is hidden in the pelvis.
each arm. The six leg-servos allow for exible leg movement3hese boards feature the Motorola MC9S12C32 chip, a 16-bit
Two orthogonal servos form the 2DOF hip joint and the 2DOgontroller belonging to the popular HCS12 family. We clock
ankle joint. One servo drives the knee joint. Toni's actived it with 24MHz. It has 2kB RAM, 32kB ash, a RS232 serial
joint is located in the frontal part of the foot plate. interface, CAN bus, 8 timers, 5 PWM channels, and 8 A/D
converters. We use the timer module to generate pulses of
1...2ms duration at a rate of 180Hz in hardware. These pulses
encode the target positions for the servos. Up to eight servo
can be controlled with one board.

In order to keep track of the actual servo movements, we
interfaced teir potentiometers to the A/D converters of the
HCS12. By analyzing the temporal ne structure of these
signals, we estimate not only the current servo positioas, b
also the PWM duty cycles of their motors.

In addition to these joint sensors, Toni is equipped with
an attitude sensor, shown in Fig. 2(b). It consists of a dual-
axis accelerometer (Analog Devices ADXL2031.5g) and
two gyroscopes (ADXRS 150/300, 150/300 deg/s). This
attitude sensor is located in its pelvis. The four analogsen
signals are digitized with A/D converters of the HCS12 and
are preprocessed by the microcontroller.

The microcontrollers communicate with each other via a

CAN bus at 1MBaud and with a main computer via a RS232
serial line at 115KBaud.

Fig. 1. Two views of the humanoid robot Toni, ready to kick.

a b
We selected the S9192 servos from Futaba to drive the hipsg ) ()

the knees, and the ankles. These digital servos are ratedFigr2. Electronics: (a) ChipS12 microcontroller boardifieig HCS12C32;
a torque of 200Ncm. They have a weight of only 85g. Thsgé)oﬁégtude sensor consisting of a dual-axis acceleromated two gyro-
toes joints need less torque. They are powered by JR 8511
servos (185Ncm, 66g). We augmented all servos by adding a
ball bearing on their back, opposite to the driven axis. This Every 12ms, target positions for the servos are sent from the
made a stiff joint construction possible. main computer to the HCS12 boards, which generate interme-
Toni's arms do not need to be as strong as the legs. Théidte targets at 180Hz. This yields smooth joint movements.
are powered by SES640 servos (64Ncm, 28g). Two orthogorm@le microcontrollers send the preprocessed sensor reading
servos constitute the shoulder joint and one servo drives fhack. This allows keeping track of the robot's state in the

elbow joint. main computer.

_The skeletqn of the robot is mostly constructe(_j from alu- We use a Pocket PC as main computer, which is located in
minum extrus_lons with rectangular tube cross section. treor Toni's chest (see Fig. 1). The model FSC Pocket Loox 720
to rta_duce wglght, we re”?o"ed all material not necessary fl‘?és a weight of only 170g, including the battery. It features
stability. Toni's _feet and. its arms are made from sheets Qfz50\ 142 XScale processor PXA-272, 128MB RAM, 64MB
carbon composite material. Its head is there for completene, g, memory, a touch-sensitive display with VGA resolution
only. It is made of lightweight foam. Bluetooth, wireless LAN, a RS232 serial interface, and an

integrated 1.3 MPixel camera.

This computer runs behavior control, computer vision, and

Toni is fully autonomous. It is powered by high-currentvireless communication. It is equipped with a Lifeview Fly-
Lithium-polymer rechargeable batteries, which are lodare CAM CF 1.3M that has been tted to an ultra-wide-angle
the pelvis. Two Kokam 2000H cells last for about 30 minutdens. The lens is located approximately at the position ef th
of operation. They can be discharged with 30A and havelarynx. The wide eld of view of this camera (vertically abbu
weight of only 110g. 112) allows Toni to see at the same time its own feet and

The servos are interfaced to three tiny ChipS12 microcoobjects above the horizon. The horizontal eld of view is
troller boards, shown in Fig. 2(a). One of these boards @pproximately 150

IV. ELECTRONICS
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V. BEHAVIOR CONTROL The leg interface represented byeg; root ; and s

We control Toni using a framework that supports a hierarctdy More abstract actuator space than the space spanned by
of reactive behaviors [13]. This framework allows for structhe individual joint angles yj = ( bip s fip )i Knee; and
tured behavior engineering. Multiple layers that run oriedif  Anke = ( anke 5 anke )- It SIMpli es the implementation of
ent time scales contain behaviors of different complefiiis  dynamic walking, because its dimensions are less dependant
framework forces the behavior engineers to de ne abstrdé@n the individual joints angles. By changing only one é&rg
sensors that are aggregated from faster, more basic sens®d the target leg extension multiple joints are actuated in
Abstract actuators give higher-level behaviors the pdiyib @ coordinated way.
to con gure lower layers in order to eventually in uence the
state of the world. B. Central Clock

The framework also supports an agent hierarchy. For ToniA central clock mek < running in the trunk

we use three levels of this hierarchy: individual joint, bOddetermines the step frequency. Both legs derive their ovitn ga
part, and entire robot. This structure restricts intecanti o< leg < by shifting the trunk phase by = 2.

between the system variables and thus reduces the conypleéiésed on its gait phase, each leg generates trajectorigts for

of behavior engineering. __leg extension, leg angle, foot angle, and toes joint angle.
The lowest level qf this hierarchy, the control loop withinrpo ~onvention is thatree = O if the foot plate is even, and
the servo, has been implemented by the servo manufacturer., CI)e > 0 if the frontal part of the foot plate is tilted upwards,

runs at about SOOHz_f_or the digital Servos. We monitor targgl|ative to the rear part of the foot plate.
positions, actual positions, and motor duties.

At the next layer, we generate target positions for the ] ]
individual joints of a body-part at a rate of 83.3Hz. We mak§- Dynamic Walking
sure that the joint angles vary smoothly. Furthermore, theThe two key ingredients for generating dynamic walking are
targets are smoothed in the HCS12 boards at 180Hz. Thigeral shifting of the robot's center of mass, and movenoént
layer implements an interface that describes the beha¥iortbe legs in walking direction. The swinging leg is shortened
body parts. while it is moved quickly into the walking direction. At the
same time, the supporting leg has maximal extension and is
moved slowly against the walking direction.

) . ) . Shifting: The shifting of the robot's center of mass is done
The entire leg can be positioned relative to the trunk using a sinusoidal way:

leg extension (the distance from the hip joint to the ankle
joint), leg angle (angle between the pelvis plate and the lin shit = ashit SIN( Leg); (4)

from hip to ankle), and foot angle (angle between foot pla%hereasmn = 0:09is the shifting amplitude. Both, the lateral

and pelvis plate). : .
Let reg = ( Leg; feg) denote the desired leg angle WithIeg and foot angles are used to shift the robot:

A. Leg Interface

the convention that the sagittal leg angfg, = 0 if the leg is . Shift if Legg O . )
parallel to the trunk andf,, > 0 if the leg is in front of the LegShif 2.0 snre  otherwise
trunk. Similarly, 'Leg = 0 if the leg is parallel to the trunk, Footshit = 0:75  shift : (6)

and |,
Furthermore, root = ( koors Soot) denotes the desired foot

angle = (0;0) if the foot is parallel to the pelvis plate prevent collisions between the legs.
sy Foot — s . . ) . . .
Finally, 1 0 denotes the desired leg extension, with Shortening: As the robot swings to a side, the opposite leg

the convention that = 0 if the leg is fully extended and IS not needed to support the weight. It can be shortened. The
- 1if the leg is shortened tony, = 0:8750f its original time course of the shortening is determined by the shorgenin
- min — .

> 0 if the leg is moved outwards in the lateral plane. . .
9 P The leg angle moves more outwards than inwards, in order to

phase:
length. _ _ .
Now, the target relative leg length can be computed as short = Vshort ( Leg * =2+ Oshort); (7)
=1+(1 min ) . The knee angle where vshot = 2:75 determines the duration of the short-
ening andoshort = 0:10 determines the phase shift of the

knee = 2 acog ) (1) shortening relative to the lateral weight shifting. A casimow
shortens the leg, but would also change the leg and foot angleroduces smooth transitions between the fully extended leg
Because the thigh and shank of the robot have the same length] the shortened leg:
we can subtracD:5  knee from 2, and from 3. to 0:5(co +1) if
compensate this effect. The desired leg anglg is addedto  shot = 5 (cog shon) +1) otherwise :
the hip and subtracted fromanke to keep the foot angle (8)
unchanged. Finally, the foot anglgoot is added to anke - Loading: Immediately after the leg is fully extended and the
This yields: heel landed, it is shortened a second time, in order to fatsli

Hip g (0;05  Knee) ) loading of this leg:

Ankle = Foot teg (0,05  knee) (3) Load = Vioad PICUM Leg+ =2 =Vshon +Oshort)  (9)

Short <
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where Vigag = 5 determines the duration of the second o Lateral Leg Angle
sortening. The functiorpiCut(:) maps its argument to the |
range[ ; ) by adding multiples of2 . The amplitude 0
of the second shortening depends on the swing amplitude’s; [
aswing = 0:5: -0.15

-0.2
oad =05 (1 COS(aSwing )): (10)
It is also computed using a cosine:

0:5(005( Load ) + 1) if Load <
otherwise

1
Pif2 -Pi -Pil2 0 Pil2 Pi -Pil2 0

Sagittal Leg Angle

Load = 0

11
Swinging: After the leg has been unloaded and shortened, ° P2 w i 0 P2 Pi Pir2
it is moved quickly to the front. This swing is reversed shpwl
. . . . 0.08
during the rest of the gait cycle. The time couse of the swing 08

CO0000 0000
ounhwivkolRvwh
LI I e

=)

is described by the swing phase: 002
0
-0.02
swing = Vswing ( Leg + =2+ Oswing ); (12) .04
-0.08
wherevswing = 1:75 is the swing speed anokying = 0:2 0 Pir2 i Fir2 0 Pil2 Pi Pil2 0
is the phase shift of the swinging. While the swinging is o Sagital Foot Angle
sinusiodal, the reverse motion is linear: ojé F '
8 . . 0.1 :
< sin( swing) !f =2 swing < = 2 021
Swing = . B( swing =2) 1) if =2 Swing el
" b( swing + =2)+1) otherwise. 3oL . . . .
(13) ’ 0 Pil2 Pi Pil2 0 Pil2 Pi -Pir2 0
The speed of the reverse motion is: . Leg Extension
_01 ~ T T T T T T 3
b= (242 Vswing ): ;§§ E E
05 i
The swing is done with the sagittal leg angle and balanceds$ [ ]
partially with the sagittal foot angle: St . . . . . ]
’ 0 Pil2 -Pi -Pir2 0 Pil2 Pi -Pir2 0
LegSwing = dswing  Swing (14) Toes Joint Angle
FOOtSWiﬂg = 0 25 aSWing Swing . (15) §Z [ T T T T T T T ]
Over-Extension: At the end of the stance phase, before the §§
leg shortening, the unloading leg is over-extended usiag it 92 ]
toes joint in order to shift the weight to the other leg. The °; ni s e o o - o o
time couse is described by the extension phase: Leg Phase

= v iCut + =2+ =v + 0 (16 Fig. 3. Trajectories generating dynamic walking using fo&s and straight
Ext Bx P ( Leg Short sort ); (16) stance leg. See text for details.

wherevgy = 2:0 determines the duration of the leg over-
extension. The amplitude of the extension depends on the

swing amplitude: . Balance:. The robot is balance(_j by tilting it with every step
in the sagittal plane and by adding offsets to the leg and foot
Aext =5 (1 COS(aSWing )) (17) angles:
A cosine is used to produce a smooth over-extension: Pootgal = 0:05+0:08 aswing SN2 Leg +0:5);(22)
_ 05(cog gq)+1) if e < qg  lesss = 010 (23)
Ext 0 otherwise ' Segga = 010 (24)

The frontal part of the foot plate is kept parallel to the grdu  The negative lateral leg angle moves the feet closer togethe
The negative sagittal leg angle moves the robot forward. The

= a ; 19 _ _ ;
Foot BeoEe _ (19) negative sagittal foot angle tilts the robot forward.
Toestxt = 8ext B¢ 025 Bswing  swing: (20) Output: The individual components of the walking motion
The sagittal leg angle is corrected for the effect of the ovei® combined as follows:
extension: |

Leg = LegShift + :_egBal; (25)
Legext = 0:5 asin0:25 co Toesext )) asin0:25). (21) Eeg = Legswing T LegExt T EegBaI; (26)
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Fig. 6. Sequence of successive frames extracted from videwisg an entiere step of the walking robot (lateral view).

consumption in the joints can be estimated from the servo
temperatures after walking longer distances. While the hip
servos had the highest temperature, the knee servos were coo
and the ankle servos had an intermediate temperature. This
indicates that the straight stance leg relieves the knea# joi
from high torques.

Fig. 4. Sequence of every other frame extracted from videwsiy an

entiere step of the walking robot (frontal view). VIlI. CONCLUSIONS

This paper described the use of toes joints to achieve
human-like walking for humanoid robots. We over-extend the
unloading leg before toes-off and keep the stance leg of the
robot straight. We implemented this gait for our 18DOF robot
Toni. The resulting walking speed was 21.2cm/s, which is
quite high, given Toni's size of 74cm.

| addition to human-like walking, we implemented omni-
directional walking, kicking, and basic soccer skills fanr,
which will be detailed elsewhere. We presented Toni for the
rst time to the public during the 21st Chaos Communication
Congress (Berlin, Dec. 2004). At RoboCup German Open

Fig. 5. Sequence of every other frame extracted from videswsty an
entiere step of the walking robot (perspective view).

Foot =  Footshitt ; (27)  (April 2005), we showed penalty kick demonstrations. At
Poot =  Footswing t FootExt T RootBal | (28) RoboCup 2005 in Osaka, Japan, Toni will face the world's
| - . 2g) best humanoid soccer robots.
Toes ToesExt » ( )

= short +  Load : (30)
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