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Abstract. To make bipedal locomotion robust, it is not sufficient toyreh postu-
ral responses that try to prevent falls, but it is also nemgs® detect falls and to
implement appropriate recovery procedures. This papearites general methods
for a humanoid robot to stand up from the prone and supineimsiVe illustrate
the use of these getting-up routines on the example of oot thipp. The proposed
methods require only a limited number of degrees of freedodnodserve common
joint-angle limitations. We employed a physics-based taoulation to analyze
the kinematics and dynamics of getting up. The standingautirres have been im-
plemented on the real robot as well. Tests in our lab and abop 2005 showed
that reliable standing-up is possible after a fall and th@hsrecovery procedures
greatly improve the overall robustness of bipedal locoaroti
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1. Introduction

Bipedal locomotion on a variety of surfaces under the inftgeof external disturbances
is a challenging task for a humanoid robot. While many apgiiea exist to prevent the
robot from falling, postural responses are frequently nfftent to maintain an upright
posture. If disturbances are large enough, a fall mightimeaanavoidable. Falls are most
likely in dynamic environments that contain other agentshsas humans, which interact
physically with the robot. In the case of a fall, it is essahfior the overall robustness to
have reliable recovery procedures. The robot must be aldletext the fall, recognize its
posture on the ground, and to get back into an upright pasture

While it is relatively easy to interpret the readings oftatle sensors in order to
detect a fall and to decide, e.g. whether the robot lies incaei(facing down) or a
supine (facing up) posture, it is not straightforward to eoup with reliable getting-
up routines. This is due to the fact that the robot’s centanags (COM) projection to
the ground leaves the convex hull spanned by the feet coptéts. Hence, additional
support points are needed in order to move the COM back ietéoibt polygon. Knees,
elbows, hands, and the backside of the robot may be usedvapradditional support.
This results in whole-body motions with sequences of sugpmnts. The many degrees
of freedom of humanoid robots and the changing contact pamatke it difficult to apply
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conventional motion-planning techniques. On the othedhhomans devised a variety
of strategies to get up from the ground [1]. The observatfdh@human example served
as inspiration for us during the development of getting-ugiiom sequences. However,
compared to humans, humanoid robots often lack essentjedegof freedom, e.g. in the
trunk. Furthermore, the robot joints are often restricted timited range of motion and
can only provide limited torques. Humans overcome similaitations by combining
statically stable motion phases with dynamic phases.

We follow this approach with the design of standing-up noesi from the prone
and supine posture. While statically stable motion segeghbcing the COM projection
close to the foot polygon, dynamic motion is needed to conuk ba two feet. After-
wards, statically stable motion brings the robot into anigiposture. We developed the
standing-up routines using a physics-based simulatiois. fidd the advantage that the
stability of motion could be analyzed with perfect informoatabout the robot dynamics
on a variable time scale. We implemented the getting-upmesion two small humanoid
robots, which were designed to compete in the RoboCup Ké&l8l&ss. In order to as-
sess the performance of these routines, we performed tests lab. We also used the
behaviors during humanoid robot soccer games, which toakepfor the first time at
RoboCup 2005 in Osaka, Japan.

The remainder of this paper is organized as follows: The segtion reviews some
of the related work. In Section 3, we detail the mechanicdl electrical design of our
small humanoid robot Jupp. We also introduce the framewerkise for controlling its
behavior. The main part of the paper is Section 4, where wéaexm detail how the
robot detects falls, recognizes its posture, and standsoapthe ground. Experimental
results are presented in Section 5.

2. Related Work

Very few humanoid robots are designed to survive a fall. Bbeenmost advanced hu-
manoids, like Asimo [2] and the Toyota Partner Robots [3}ehaot been demonstrated
to be able to go to the ground nor to get back into an uprightypesThey focus on walk-
ing stability. Indeed, only few humanoids are able to stgmdiine best known example is
HRP-2P (154cm, 58kg, 30DOF) [4], which has a lightweightdpeck, strong arms, and
wide ranges of motion in key joints. Kanehiro et al. propofedt a motion controller
that supports static motion and ZMP-controlled [5] dynamiation. Standing-up after
controlled going to the ground is performed by transitioasaeen predefined states of
contact between the robot's body parts and the surface. Wigerobot stands up from
a prone position, the dynamic motion controller is appliegérform a short transition
between kneeing and crouching. Dynamic motion is needealiseche knees and soles
of the robot can not have contact with the floor simultangoi&liniyoshi et al. [6] in-
vestigated the dynamics of standing-up from the supinaupe$ty a roll-and-rise motion
with humanoid robot K1 (150cm, 70kg, 46DOF). They analyZss dynamics with a
simplified model of the robot and explored the parameterespéthin the simulation.
Whereas the simulated robot succeeded in standing-up,dtiemwas not transferable
to the real robot. The authors explained this differenceniydifficulty of simulating the
contacts between robot and ground precisely.

Another humanoid that is able to get up from the ground is SAQRIO [7] (58cm,
7kg, 38DOF). It checks its position after a fall, turns fage and recovers from a va-
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Joint Axis Range (driven) Range (relaxed)
Shoulder roll 0° < +180° n/a
pitch| —90° « +490° n/a
Elbow |pitch| —45° < +4135° n/a
Spine |pitch| —40° <« 490°| —45° < +90°
roll | —40° < +90°| —60° « 490°
Hip pitch| —40° < 490°| —60° < +90°
yaw | —90° < 490°| —90° « +100°
Knee pitch| —130° « 0°|—150° « +5°
Ankle |pitch| —65° < +65°| —80° « +480°
roll | —90° <« +430°| —90° < +30°

Figurel. Lateral and sagittal view of our robot Jupp. The table shtvegange of motion for its joints.

riety of prone positions by static movements. There is aetpef smaller servo-driven
humanoid robots, which have been designed for the RoboOmeetitions [8], where
robot fighters engage in martial arts and standing-up is aangial feature. The Cy-
cloidll robot by Robotis [9] (41.5cm, 2.4kg, 23DOF), for emple, had some success
in these competitions. It is capable of standing up stdgidadbm both the prone and
supine posture due to its powerful Dynamixel actuators asgrdportional long arms.
Kondo also constructed their popular KHR-1 [10] robot (34dn2kg, 17DOF) for the
RoboOne competitions. Static standing-up routines froth bong postures have been
implemented for it. Robotic soccer is another domain wheaeding up is important.
At RoboCup 2005 [11], Team Osaka [12] demonstrated stativdémg-up of their robot
VisiON Nexta (47.5cm, 3.2kg, 23DOF) from each posture. Thist has yaw and pitch
waist joints and is driven by Dynamixel actuators.

3. KidSize Humanoid Robot

Hardware Design: Fig. 1 shows two views of our humanoid robot Jupp. It has been
designed for the 2005 RoboCup Humanoid League competitichg KidSize class. As
can be seen, Jupp has human-like proportions. Its mechaeisign focused on weight
reduction. Jupp is 60cm tall and has a total weight of onlk@-3 he skeleton of the robot

is mostly constructed from aluminum extrusions with regtaar tube cross section. We
removed all material not necessary for stability. Juppét nd its forearms are made
from sheets of carbon composite material. The forearmsarddble in sagittal direction
and are covered by a lightweight foam tube.

The robot is driven by 19 servo motors: 6 per leg, 3 in each amm, one in the
trunk. Three orthogonal servos constitute the hip joing twthogonal servos form the
ankle joint, and one servo drives the knee joint. We selettedS9152 servos from
Futaba to drive 2 DOFs of the hips, the knees, and the anklesseTdigital servos are
rated for a torque of 200Ncm, and can be driven to positions@f°. They have a
weight of only 85g. The hip yaw joints need less torque. Theypowered by DS 8811
digital servos (190Ncm, 66g;90°). Jupp’s arms do not need to be as strong as the legs.
They are powered by SES640 analog servos (64Ncm 28¢f,). Two orthogonal servos
constitute the shoulder joint and one servo drives the efbow. We use the following
definition of rotational directions: Positive pitch bend®hn the frontal side of the robot.
Positive roll and yaw means rotating outwards looking faxva& he table in Fig. 1 lists
the range of motion for all joints.
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Jupp is fully autonomous. It is powered by high-current Lith-polymer recharge-
able batteries, which are located in its lower back. Theaseare interfaced to three
tiny ChipS12 microcontroller boards. One of these boardisdated in each shank and
one board is hidden in the chest. Every 12ms, target posifionthe servos are sent
from the main computer to the ChipS12 boards, which genéntgemediate targets at
180Hz. This yields smooth joint movements. The microcdlgrs send preprocessed
sensor readings back. In addition to joint potentiometiipp is equipped with an atti-
tude sensor. The attitude sensor is located in the uppék.ttuoonsists of a dual-axis
accelerometer and two gyroscopes. We use a Pocket PC as omajiuter [13], which
is located in Jupp’s chest (see Fig. 1). This computer ruhs\ier control, computer
vision, and wireless communication.

Behavior Control: We control Jupp using a framework that supports a hierar¢ing-o
active behaviors [14]. This framework allows for structliteehavior engineering. Multi-
ple layers that run on different time scales contain betrawbdifferent complexity. For
Jupp we use three levels of this hierarchy: individual joirttdy part, and entire robot.
This structure restricts interactions between the systariables and thus reduces the
complexity of behavior engineering.

The lowest level of this hierarchy, the control loop withiretservo, has been imple-
mented by the servo manufacturer. It runs at about 300Hhédigital servos. We mon-
itor target positions, actual positions, and motor dutfsthe next layer, we generate
target positions for the individual joints of a body-paraaiate of 83.3Hz.

Simulation: In order to be able to design behaviors without access todghkhard-
ware, we implemented a simulation for Jupp, which is basethe®pen Dynamics En-
gine [15]. The simulation allows examining the robot’s bébaon variable time scales.
This helps the behavior engineers to design complex or dimiauotions.

4. Standing-Up Routines

A standing-up routine is triggered when the robot has fadeer with high certainty. To

determine this state the attitude sensors are interpriétdte robot is tilted more than
45° for more than one second, we assume that the robot has faliesur robots cannot
lie other than facing upwards or downwards on a flat surfaeemly have to inspect the
sign of the sagittal tilt in order to recognize its posture.

Assumptions. We developed standing-up routines for the RoboCup Soceeatofrom
the supine and prone posture under the following assungtion

e The surface is flat carpet (soft, moderate friction).
e No obstacles conflict with the robot’s motion during the siag-up routine.
e The robot is lying straight on the surface with all joints radvto zero positions.

Motion Generation: The standing-up motions are generated by setting targétqes
for individual joints. We use sinusoidal trajectories, athiare smooth and natural for
static movements, whereas for dynamic motions the distegoints of target velocity
and acceleration being zero or maximal are obtained easity the waveform itself.
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Figure2. (a)-(e) Starting and end positions of phases I-IV when standp from the supine posture.

Standing up from the Supine Posture: Standing up from the supine posture in a stati-
cally stable way can be achieved by folding the body over¢le¢supported by the arms.
In this movement the knees and the ankle pitch joints are ibefthen, the hip pitch
joints are moved positively and the trunk is leaned back bgtireg the spine negatively
to shift the COM over the feet. Now, the trunk is brought over teet by bending in the
spine in positive direction and, finally, the whole body imgthtened.

Jupp’s limitation of the ankle pitch, knee and spine jointimo ranges complicates
this motion, because the arms are not long enough to sug@Eomotion while the hip
pitch joints and the spine let the COM shift over the feettdad, the body has to be
swung forward, while the arms lose contact with the surfBeging this dynamic move-
ment, the robot tips over the trailing edges of the feet, Wwiitcm the support polygon.
The COM projection onto the surface is moving from behindttading edges of the
feet to the front until the whole feet are standing on theasef The standing-up motion
unfolds as four separate phases (see Fig. 2).

Phase |. Move the upper body into a sit-up posture and move the armsistipporting
position behind the back.

Phasell. Move into a bridge-like position using the arms as support.
Phaselll. Move the COM over the feet by swinging the upper body to thatfro
Phase V. Move the body into an upright posture.

During Phases | and Il the robot moves into an advantageoidgeblike starting
position for Phase Ill. To be able to bend the trunk in, thesaame angled by rotating
the elbow and shoulder pitch joints. Additionally, the sliau roll joints are moved to
enlarge the distance of the elbows to the ground by movingthes outwards. Now,
the robot can sit up. The ankle pitch joints are rotated sbhahthe feet lie flat on the
surface, while the hip and the spine pitch joints are berilimanwhile, the elbow has to
be rotated further to prevent the forearms from touchingytioeind. As soon as possible,
the elbows start moving back to straighten the arms, whaestioulder pitch joints are
rotated further into negative direction. The shoulder jailits are moved back to zero.
This brings the arms into a backward position, which will gogi the later bridge-like
position. During the alignment of the arms, when the hiptpjtints and the spine have
reached their target positions, the legs are bent in byriglttie knees to their negative
limit. The twist of the hip is compensated by rotating thengdurther, such that the robot
remains sit-up. In Phase Il, the arms are straightened ialbdwvs, and the hip pitch and
spine joints are moved to zero, such that the hip is liftece @hkle pitch joints rotate
positively to let the hip and the knees shift forward.
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Figure 3. (a)-(g) Target positions (in rad) of individual joints whatanding up from the supine posture
(ap, = 0.257). (h) Distance (in m) of the COM projection to the extremenp®iof the support polygon in
sagittal direction.

Now, the COM projection can be shifted close to the trailinlges of the feet in
Phase Il by rotating the hip pitch joints in positive diriect, while the spine joint is
moved negatively. As soon as the robot begins to tip back tneetrailing edges of the
feet, as the arms are not long enough, the arms are swungrtband the spine is rotated
positively to accelerate the trunk forward. As the arms losgtact with the ground, the
COM projection moves out of the support polygon until the Veffoot soles are touching
the ground again (see Fig. 3(h)). We identified the main cbmarameters to be the
amplitude of the hip pitch joint trajectoryy,, and the length of the dynamic phase. Both
values directly influence the speed of the trunk forward omotiToo low values let it
cease before the COM has moved over the feet, whereas toovaliges increase the
chance of the body to overshoot and to fall over the leadiggedf the feet.

Finally, all joints are brought back to zero to get the rolmibian upright posture.
The spine is temporarily bent in to stabilize the motion.. Bi@)-(g) show details on the
trajectories and their exact timing.

Standing up from the Prone Posture: The main problem of standing up from the prone
posture is that the knees of a humanoid robot cannot be begmsitive direction. If it
was possible, standing up from the prone posture would biasito standing up from
the supine posture. Instead, the COM projection has to heghtaear to the feet by first
bending in the ankles, the knees, the hip, and the spine nadlyjrauch that the robot
touches the ground with the knees and the leading edges tde¢herhen, the arms can
be utilized to tip over the leading edges of the feet and tthieCOM, that is situated in
the hip region, be shifted over the feet. This motion is dyitaas the COM projection
leaves the support polygon at the leading edges of the feet.
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Figure4. (a)-(e) Starting and end positions of phases I-IV when stendp from the prone posture.

The mechanical limitations of Jupp, especially the limijgidt angle ranges in the
knees and the ankles, complicate the standing-up motiathegdegs can not be fold in
completely. Thus, the arms have to lift a longer lever, whiformed by the leading
edges of the feet and the COM. For a detailed descriptioneohthtion sequence, we
divide it into four phases.

Phasel. Lift the trunk and bring the forearms under the shoulders.

Phasell. Move the COM projection as close as possible to the leadigg®df the feet
by bending in the spine, the hip pitch and the knee joints.

Phaselll. Straighten the arms to let the robot tip over the leading sdd¢he feet.

Phase I V. Bring the body into an upright posture.

As indicated by Fig. 4(c)-(d), the soles have to be moved as @ possible onto
the ground, such that the dynamic motion is short. Theretbeeankle pitch joints are
rotated to their maximum position. To support this movemtrd feet are lifted from
the ground by bending in the knee and the hip pitch joints tahe knees contact the
surface instead of the feet. Jupp cannot bend in the armgyariowet the ends of the
forearms below the shoulders, while the trunk is lying gindion the surface. Thus, it
prepares to support the lifting of the trunk with the armse Btbows are bent in and the
shoulder pitch joints are moved back, such that the endpofrthe forearms are still on
the lateral plane of the robot. Meanwhile, the arms are edtatitwards in the shoulder
roll joints, as they can be moved back to get the forarms béh@ishoulders when the
trunk is lifted up. The trunk lifting is accomplished by bémgl out the spine and hip
pitch joints. The arms support the motion by pressing thedons onto the ground, as
the elbow joints are straightened partly and the shouldehpoints move back to zero.
During this motion, the arms can be brought under the trunknbying the shoulder
roll joints back to zero. Finally in this phase, the elbows straightened further and the
flexible forearms are strained by the weight of the trunk.

In Phase I, the spine, the hip pitch joints, and the kneedadein, bringing the
COM projection close to the leading edges of the feet. Thesaumpport this movement
by rotating the shoulder pitch and elbow joints in positivedtion. Now, the robot is
holding a bridge-like position, leaning on the leading exigéthe feet and the strained
forearms.

To let the body tip over the leading edges of the feet in Phidsthé shoulder pitch
joints have to be rotated further to the90° position and the arms are straightened by
the elbow joints. The COM projection is leaving the suppaiygon shortly behind the
leading edges of the feet, as described before and showrgirbfi). The amplitude
of the elbow trajectoryq., and the length of the dynamic phase are the main control
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Figure 5. (a)-(g) Target positions (in rad) of individual joints whetanding up from the prone posture
(e = 0.24m). (h) Distance (in m) of the COM projection to the extremeng®iof the support polygon in
sagittal direction.

parameters for the dynamic motion. If they are too small,GM projection will not
leave the support polygon. Too high values cause the badkwation to overshoot, such
that the arms are thrown back and are not able to absorb tleevfiog forward motion,
which causes the robot to fall over the leading edges of thiedigain.

During the final Phase 1V, all joints are moved to their zeragition to bring the
body into an upright posture. Fig. 5(a)-(g) show detailstanttajectories and their exact
timing.

5. Experimental Results

We designed the proposed routines using the simulationrandfered them to the real
hardware. We performed extensive tests in our lab. Undanabcircumstances, i.e.
appropriate battery voltage, the routines worked verabdjiat high success rates of 100
percentin 100 tests.

We observed, that the main control parametersinda,. can be chosen from a wide
range of values, still yielding highly reliable standing-toutines (e.ga;, = 0.217 +
0.0257, anda,. = 0.167 + 0.067). This is explained by the shortness of the dynamic
phases, which is achieved by moving the COM projection esecks possible to the foot
polygon in the preliminary static phases. Fig. 6 and Fig.dsimage sequences of the
dynamic phases of standing up from the supine and pronerngoséispectively.

The standing-up routines proved to be robust against clsangée initial posture
and varying servo temperatures. When standing up from threepposture, low battery
voltage causes the supply voltage of the arm servos to bak during the high load in
the dynamic phase. Although the routines have been devébmgsed on rather restrictive
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Figure6. Image sequence showing dynamic Phase Il of standing uptfiersupine posturey, = 0.2357).

assumptions, the generated motions proved to be robustsigaiaxation of each of the
assumptions. For example, the robot can also stand up orahdrslippery surfaces like
stone or hardwood. The getting-up routines even worked heejoints of one arm were
relaxed.

The routines did not only work in our lab, but were used dusogcer games at
RoboCup 2005. In this dynamic environment, multiple rolaotsin pursuit of the ball,
which leads to unavoidable body contact. The physical @atgon of the robots disturbs
the walking pattern, which may lead to falls. Because hunelp Huring play is not
allowed, the robots must be able to get back into an uprigstype by themselves. Our
robots were able to detect falls reliably, triggered therappate standing-up routine, and
succeeded almost always in standing up. Because the ratmtttawed play afterwards,
this greatly improved the overall robustness of our soceamt

6. Conclusions

In this paper, we proposed general methods for standing thpadiumanoid robot from
both the prone and the supine posture. In order to overconasviage limitations, such
as limited range of motion or torque limits, we combinedistdly stable motion phases
with dynamic phases. Statically stable motion sequenegsithize support by the arms,
the knees, or the backside of the robot bring the COM prajaatiose to the foot poly-
gon. Dynamic motion is needed to come back on two feet. Atietls, statically stable
motion brings the robot into an upright posture.

We designed the standing-up routines using a physics-lssedation and imple-
mented them on two small humanoid robots, which were dedigme&ompete in the
RoboCup KidSize class. The routines worked very reliablgunlab. Furthermore, they
were integrated into the behavior control software that uwsed during 2 vs. 2 soccer
games at RoboCup 2005. Because unavoidable robot intamadti this dynamic en-
vironment lead to falls, the reliable standing up was onehefkey factors that deter-
mined the performance of our soccer team. Our team NimbReglaell. The getting-
up was appreciated by the crowds. We reached the final in tesgames, against the
titleholder, Team Osaka. The exciting game ended 2:1 fok@sddeos showing the
standing-up routines and their use in the RoboCup competitin be downloaded from
our webpagdttp://www.NimbRo.net/media.html.
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Figure 7. Image sequence showing dynamic Phase Il of standing up thhermrone posturen = 0.227).

We plan to work into two directions in the future: avoidingil$and minimizing the
damage of a fall. To avoid falls, we will implement variousspural responses, based
on sensory feedback. To minimize damage, we plan to bringaiet into a protective
posture and to relax some of its joints prior to ground cantac
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