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Strategies for Humanoid Robots to Xads —=
Dynamically Walk over Large Obstacles  Xhds =

Olivier Stasse, Bjrn Verrelst,
Bram Vanderborght and Kazuhito YoKoi

Abstract— This study proposes a complete solution to make the Zads
humanoid robot HRP-2 dynamically step over large obstacles.
As compared to previous results using quasi-static stability [1]
where the robot crosses over a 15 cm obstacle in 40 s, our solution
allows HRP-2 to step over the same obstacle in 4 s. This approach
allows the robot to clear obstacles as high a81% of the robot’s
leg length (15 cm) while walking. Simulations show the possibility
to step over an obstacle that is35% of the length(25 cm) with & gig 1. The key configuration in the doublesupport phase wittameters
margin of 3 cm. Xhds, Xads, and Zpgs.

Index Terms—Humanoid Robots, Obstacle Negotiation, Tra-
jectory Planning

1) determine the CoM height trajectory necessary to step

I. INTRODUCTION over obstacles along with a dynamic pattern generator;
In path planning for humanoid robots, obstacle avoidance2) experimentally show that it is possible dynamically
and goal seeking [2], [3], [4], [5], [6] incorporate the sifiec step over obstacles as large as 15 xn® cm, and deal
abilities of humanoid robots to step over obstacles. Gdlyera with impacts at the planning level;
the obstacles considered are small, although a humanaid rob 3) show via simulation that the robot can clear an obstacle
actually has the capability of negotiating larger obstaditen having dimensions of 25 crx 5cm.

encountered in a standard human environment. There are wélalking dynamically allows also the robot to have a very

known examples of robots that can smoothly step over smahort double-support phase, as shown bykiéae configuration

obstacles, such as Johnnie [3]Jom obstacles) and ASIMO [8] depicted in Fig.1. This configuration has three parameters

(flat obstacles). Recent studies have reported on the steppK,q, the step length X4, the distance between the rear

over capabilities of the BHR-2 humanoid robot [9]. Relatetbot and the waist, and,;s the waist height from the ground.

studies reported on achieving jumping motions using leggédis constrained by the robot shape represented by the lines

robots. Such robots are highly dynamic and can move eonnecting the pointd;, ¢ = 1,...7, and the obstacl®);,

irregular terrains. The best known examples were develbged; = 1, ..., 4.

Raibert [10] in the 1980s, who realized large jumping mation Section[ Il presents some important remarks based on a

using robots with telescopic legs. Thus far, these studi@e h simple formulation of the problem. Sectidn Il describes

not involved the negotiation of large obstacles. the trajectory generator. The simulation results desdriine
Previous studies on stepping over large obstacles, coadlucBection IV show that, HRP-2 can even step over 25-cm-high

by Guan et al., investigated the feasibility of steppingrovebstacles. The experimental successfulness of the prdpose

[1] and performed experiments using the HRP-2 robot [11ffajectory generator is described in Section V. It shows tha

This study focuses on quasi-static stepping over procedutéRP-2 is capable of dynamically stepping ovetfacm-high

by keeping the projection of the total Center of Ma€®l) obstacle with a safety margin 8f cm.

of the robot within the support polygon. Since the postural

stability only considers th€oM, the motion of the robot has [l. PROBLEM STATEMENT

to be slow in order to avoid inducing substantial accelereti

and_ as such, it does not involve dynamic stability criteeid., jafined by three phasePhase lis a single-support phase
for instance the Zerq Moment PO'@MP) [12]. and involves putting one foot in the rear of the obstacle.
Here, we propose improvements in the capabilities of HR hase 2is a double-support phase where both feet are on the

2 to walk over obstacles by implementing dynamic motiorb'srounOI and on each side of the obstaélhase 3is a single-

instead of using a quasi-static approach. This has an a":g"mmsupport phase where the rear foot is brought over the olestacl

in that the rqbqt does not need to come to a complete st g compared to normal walking, additional constraints have
beforg negotiating an obstacle, and higher obs}acles caniH%e imposed on the motior(1) collision free constraint,
nego'g!ated faster. The mgthod presented here relies Qrmrhe W(2) kinematic limits, (3) stability and, (4) impact reduction
of Kajita et ‘T’ll' [13] and it implements some k_ey ‘eChU'q‘!@“ thconstraint. Constraints 1 and 2 are quite obvious. Guan. et al
allow stepping over large obstacles. Our main contributiee [1] considered the quasi-static stability criteria for thedance

as follows: constraint3. The motion generated was quite slow and thus

1 B. Verrelst was at the CNRS-AIST Joint Robotics LaborataiRl), did not consider constrairt
UMI 3218/CRT, AIST Central 2, 1-1-1 Umezono, Tsukuba, Ibardlpan
305-8568 during this study. O. Stasse and K. Yokoi are alshetIRL. B. . . . . .
Verrelst and B. Vanderborght are at the Robotics & Multibddgchanics A. Stepping over with quasi-static constraints
Research Group, Vrije Universiteit Brussel Pleinlaan 250 ®russel, Bel- . . . .
gium. email: {bjorn.verrelst, bram.vanderborgi@vub.ac.bejolivierstasse,  |N Order to illustrate the relationship between the kingosat

kazuhito.yoko} @aist.go.jp and stability constraints, let us consider a 2D bipedal rhode
}

Following Guan et al. [1], stepping over an obstacle is
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with 4 links 1 = {l1,l2,15,14}, its 4 related jointsq = X XA q
{q1, 92,43, q4}, and the corresponding position in the Cartesian
Spacex — {Xl,XQ,Xg,X47X5} (Cf Flg@) Let us now focus L /a, I, Feasibility domain at beginning of Phase 2

with quasi static stability

on phase 2 of the stepping over, i.e. when the robot is in the x, s
double-support phase, this will be helpfull to considergeha Yoo, o
and phase 3. For the quasi-static case, the goal of steppéng o ) %
is to find a trajectoryx; (1) q() 7] such that the following ~ x, /") @ ‘

constraints are met during phase 2, i¥.t € [TF';TF? [Tv]™ o o 1
unless specified otherwise: Fu "

ads Xads
Feasibility domain during Phase 2 Feasibility domain at the end of Phase 2
(1) with quasi static stability with quasi static stability

qmin S ClP2 (t) S qQmaz
qu(TPl) _ qPQ(TPl), qP2(TP2) _ qP3(TP2) (2)

x12(t) = x1 (T, x572(t) = xTH(T") 3
o ?(t) = af?(t) =0, Vte TP T (4)
Agiziiio50;01 <0, Vi€ {1,2,3,4}Vj € {1,2,3} (5)
W ey < T ©)
Fy Fig. 2. (top left) Simple model of a 2D bipedal robot in the daiblupport

Fy
5 < (1) < Xpas + - ¥t €]TPY, T2 (7)  phase. The other graphs depicts its feasibility domain dsvisl red depicts
F E a feasible combination, while blue states a combination foichviat least
_w P2 /P2 w one constraint is always violated. The right-upper graptrespond to the
9 + Xads < ¢ (T77) < Xaas + 9 (8) case where the constraint given by (6) is violated. The rigittom graph
. - correspond to the case where the constraint given by (8)dkated. The
with ¢ = [¢g, ¢y, c;], the Center of Mass of the robot; antbbstacle considered herefisx 15 cm.

TF?, the time when phase finishes. The joint trajectories
during phasei are denoted byq”%(t). While (1) is the

constraint on the joint limits, (2) states the continuitytbé  constraint of((6). Conversely, phase 3 mostly involves figdi
poses between the phases, (3)-(4) state that this a douplgajectory for the second fook{) while having the robot
support phase| (5) represent the constraints to avoidsimoili having its CoM under the constraint of (8).

with an obstacle] (6) is the stability constraint at end odigeh

1, (7) is the stability constraint during phase 2 and (8) & ”B. Stepping over with dynamical stable constraints
stability constraint at the beginning of phaseA3,x
is the crossproduct defined by:

i+105054+1

1) Single mass modelThe stability criteria considered in
this work is the ZMP, and it is written as = [p., p,, p] "

Axixitr050541 (1) = XiXi11(t) X 0;0511(t) (9) Hence, from the previous set of constraints (1)-(8), thesgua
Where Ax.x...10.0,,, < 0 if and only if %77 anda;0;71 statlc.con-stralntsij(6E(8) should be changed to the folhgwi
intersect [14]. From[(4), two degrees of freedom are ﬁxe%quatlons.
by settingz;_(t) = 0 and z5_(t) = 0, and by fixing x, _fwo_ pP2TPY) < Fw (10)
at the origin, a third one is fixed; thus, 3 DOFs are left. 2 —°F -2
The remaining 3 DOFs can be used on imposing conditions 7F7W < pfz(t) < Xoue + Fﬂ’ vt G]TPl;TPQ[(ll)
on the parameterX,qs, Xnas, and Z,4s. In Figl2 we have 2
plotted the domain for which, given a pdiX .4, Znds), it iS _fw + Xogs < pEA(TF?) < Xogs + Fw (12)
possible to find a corresponding,’,, q(t) '] that satisfies 2 - - 2
the constraints. From those graphs, we can formulate the \ p"*(T"") =p" ("), p™*(T"?) = p™*(T7?)(13)
following remarks: Because this is a dynamic constraint, we now have to ensure

Remark 1: The domain of a solution for phase 2 of steppinghe continuity with [(13).
over with quasi-static criteria is mostly limited at the beang Then the problem is to find a trajectofy; (t) "q(¢) "] .
(upper graph in Fig.2) and the end (lower graph in[Fig.2). Let us recall some standard results on bipedal walking. The

Remark 2: Let us consider the constraint given by (7), anflrst assumption is to assume that the robot can be reduced
the feasibility domain plotted in the middle graph of Figi2. to a point mass to which one contact force and gravity is
appears that whe#;, s € [0.47,0.7], lowering Z,q4, increases applied. This assumption is admissible for a robot such as
the domain ofX ;. HRP-2 because 72% of its mass is in the upper BoByom

Those two remarks are in agreement with the work of Guahis assumption, the robot’s simplified model can be written
et al. [1], who found a critical configuration at the begirmin as: ) ) )
of phase 2 (Fig.9, p.964), and lowered the waist height if the Dy = mgcy + p2méy — m(c.ly — cxéz) (14)
inverse kinematics failed (Fig.14, p.968). mg + mc,

Remark 3: Finally, it appears that once a suitahlé, ) ) )

However, a robot having heavy legs cannot neglect the aleefifect

i_s found, phase_ 1 mo;tly involves findi.ng a trajectory for thﬁduced by the swinging legs. This usually necessitates wmrglex models
first foot (x5) while having the robot having its CoM under thehan the single mass model[15].




0.28 "Adapted '

wherem is the mass of the robot. Then a standard is to impose sl - Classieal -~ |
other constraint to solvé (14) in real-time. Here, we déscri
the linearization of this equation.

ImposingZ = 0 leads to the linear inverted pendulum also
called as the cart model:

024 -

0.22

02 |

Height (m)

0.18

pe = g+ 2P =) (15)
g 015 [
Remark 4: For a robot with a mass distribution equivalent o L -
to that of HRP-2, the relationship between the CoM height Yo e e T’ MM

and the waist height can be approximated by = c, +
cst. Therefore, considering the second graph of[Fig.2, timy. 3. Foot trajectories adaptation to minimize impact
feasibility domain forX, 4, is the segment defined by the line
Znas = T3, = ¢, + cst. Of course, this considerably reduces
the feasibility domain.
Practically, however, recent works by Kajita et al. [16] an

Morisawa et al. [17] have shown that it is possible to mod
c. provided thatz, is sufficiently small to satisfy (15).

pply in this case. Moreover, as the variation is quite stz
.double-support phase trajectory can be reduced to onegosit
'%at we call thekey configuration [ ]

o o Finally, based k 3, , fi , that
Contribution 1: Considering remarks 2 and 4, we proposg. inaty, based on remar We assume, 1of NOw, tha

¢ tend the feasibility d in to st d icallv f th a robot similar to our simplified model once the key
0 extend the teasibility domain 1o step over dynamically (_Dconfiguration is found, the generation of phase 1 and 2 is

a robot reduced to a linearized inverted pendulum by plagwmg direct application of the preview control with the foot

the CoM height under the assumption thiat< g. ; . : :
g ) . trajectory generation described in paragraph I111-B. Paply
2) CoM trajectory generation and multibody modéet us [lI-E proposes a solution when this assumption does not hold

recall the preview control method [13] using Wieber notasio anymore
[18]. First, the system described by (15) ovéf, iterations is In order to have a clear view of the other constraints to

written as: maintain the assumption of (1L5), let us consider the 3D warsi
pYr(k+1) = Py, (k) + P, ¢ (k) (16) of (14):

with pNe(k 4+ 1) = [po(k +1)...po(k + No)|T, co(k) = mge, +p.Py— Ly, mge, +p.Py — L, 20)

[ea(k) éo(k) E(R)T, €NE(k) = [Cak) ... Culk+ NI, Pe = T P T T

andP, andP, are matrices built upon the stack o, (15).

The control, written as=>, minimizes: whereP, is the linear momentum along theaxis andl, the

angular momentum around theaxis. The same notation is
min EQ(pw(lH— ) —p ' (k+1))*+ }R'é-NLi(k) (17) usgd f(_)r the momentum re]ated to the other axes. In order to
e NL (1) 2 2 maintain [(15), i.e., decoupling of the axes between eacéroth
This can be solved analytically by: we should impose
R A _ Z.. Z..z T
€2 () = ~(PIP.+ 5 1) PL(Pre, (b)-pi () (19 b= ety me:e O 1
_ _ _ _ ) ) ~with the trajectory of the CoM given by the preview control
wherel is an |qent|ty matrixQ, the gain for the preview win- [13]. Kajita et al. [19] proposed a controller based orCa
dow; R, the gain for the commang;“/1, the ZMP reference reference. However, to avoid a collision with the obstacte w
trajectory deflped fromX,4s and X4s. The dlscrepanmes also have to ensure that the key configuratiipgs, Xds
between the single mass model (15) and the multibody robog§q 7, . found is not changed. Therefore, when using such
model are compensated by a second stage of (16). The ZMRonroller, we would have to impose the position of the
reference is given by waist and the legs’ articular values. Consequently, camsid
pl2 (k) = piefi (k) — pMB (k) (19) the mass distribution of the robot, we are assuming that by
B ) ) ~maintaining the upper part of the robot under the constraint
wherep; (k). is the ZMP along the:—<'_:1X|s c.omputed using given by (21), the use of the dynamic filter in the preview
the robot multibody model. The result is a difference adaed gontrol method and our foot trajectory strategies are safftc

¢z (k). In addition to the multibody model, this second stagg satisfy (15). This is confirmed by the experiments desctib
compensates for the variation introduced by the planning @f section V.

¢, and some motions introduced in section III-D.
3) Key configuration:Considering the CoM trajectory gen- i )
erated by the preview control during the double-supporsphaC- Impact reduction constraint
which is very short as compared to the quasi-static phéde ( Avoiding high-impact shocks at landing is a recurrent prob-
ms instead ofi5 s), the range of motion is very smallmm, lem in bipeds. The feet of HRP-2 [20] or ASIMO have rubbers
as will be seen in Sectidn]V. between the surface in contact with the floor and the force
Contribution 2: Thus, the disadvantage suggested by reensor, as depicted in Fig.3. The passive joint added to the
mark 1 with regard to the quasi-static stepping over does rmtstem is then compensated by using the commercial s&biliz
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o on | [ Feasiitty | Y Yo L Feet Trajectory . Kinverse Legs based on the kipgmatic and colligion free constraints. d¢Jsin
s, Unit (FU) Generator (FTG) 1 R r__(K) W, the foot_hold positions, the feet trajectorids, (¢), R1(t)) and
s H des w,| | Upper Body the desw_ed ZMP trajectory/AM P (_t)) are _calculated b_y_the
gfargr;?‘:\rl:tlsr i Gm;gg)r U, Feet Trajt_actory Generqto(FTG); thls requires the collision-
(CWTG 1) r CoM, (UBMG) free and |m.pact—r¢duct|on constraints. SubsequentlyCtbid
L W, o g vt | 2P anq theWaist Trajegtory GeneraFo(CWTG) calculates the
R - | FeetTrajectory Traj. Generator horizontal and verticalCoM motions (CoM;(t)) and the
w T [Adaptator (FTA) [ con, (cWTG?2) waist trajectory (V1 (t)). The preview method calculates the

L horizontal CoM motion considering the balance constraints.

The verticalCoM motion is calculated from the required hip
height (Z;,45) during the double-support phase. Using the feet
trajectories and the waist trajectory, we can then comghee t
leg joint trajectories Legs(t)) by using Inverse Kinematics

of HRP-2, on which no information is currently available.l T 4 K h. thel Bodv Moti
However, the stepping over mechanism proposed in this pap(Jé)' 0 avoid knee over-stretc N th®pper Body . o.tlon
nerator(UBMG) let the arm swing to create a variation of

generates a large step-length (40 cm in the case of a 15-C i : _ . .
high obstacle, whereas the standard length is 20 cm). Usin M we thus define the upper body joint trajectorlé’sE(_(t?)
ccordingly. These trajectories are then checked agaitist c

fourth order polynomial for the height-foot trajectorys(in  ©, . ) , o 4

the simplified model) has two disadvantages: the swinging fgo!ONs. The_: CoM height trajectory is mod|_f|ed accordinglyd an
has a zero velocity late in phase 1, and because of the lac 'B?HV’__US'ng the second stage of preview contrql propo_sed
control points, the velocity is quite important. The stedait y Kajita et al. [13], a new CoM h9r|zontal trajectory s
is not able to compensate properly for the flexibility at th@€nerated. Those operations are realized by the seCoMl

end of phase 1. Thus, the dashed trajectory depicted in!Ficf d Waist Trajectory GeneratolCWTG2). Fiqally, theFeet
is slightly rotated, and the foot hits the floor with a nonezer rajectory Adgptor(FT_A) adapts the feet trajectory to cope
speed. The impact of the foot measured in this case is tWi\e’gh !ntermed|at§ collisions E.ind cpnsequently considés t
the weight of the robot. Because we are bound to keep tﬁ%”'s'on constram.ts. The trajectories O.f the_fe[e(tt),R(t),
commercial stabilizer, we propose to shape the foot trajgct Col_\rl) CrO]M (1), v|va|st W(.t) ar;dharmbtrajﬁ_(;:orlesE]B(t?(.dg-
such it has a low-velocity phase before landing. Having & hi%Crl e the complete motion of the robot. The inverse kinamat

speed for the foot makes its inertial effect not negligiiaied nit calculates the different joint trajectories that adapted

the assumption given by (21) does not hold. Reducing tm,( the” stabéllzehr bgfqre sen((jj_mg the(;n_ to the dloca_ll motor
speed avoids the compression of the flexible material. Ehisgontrollers. Each unit is now discussed in more detail.
dealt with by theFeet Trajectory Generator

Fig. 4. The overall algorithm for stepping over obstacles

I1l. STEPPING OVER TRAJECTORY GENERATOR A. Feasibility Unit (FU)

The obstacle is regarded to be rectangu|ar with Wmh: The feaSlblllw unit is a kinematical Study that calculatles
|lo2 — os]| and heighto, = ||os — 01| (as depicted in Figi1). @n obstacle can be negotiated or not. If possible, it pravide
For the Stepping over trajectory p|anning' a Safety margm ( a collision-free Conﬁguration by determining the Stem%’n
sp) around the obstacle is included. This margin cope with th&aas) and the waist-height 4,4,). This configuration is
uncertainty related to tracking and measurement errors. T¢alled thekey configurationThe selection of these parameters
computation giving the trajectories of the legs(t), R(t)), begins with a minimal step length and normal-walking waist
waist W (t), CoM CoM(t), and the upper body/B(t) is height. In the case of a collision, the step length is in@das
described by Algorithm |1 and depicted in Fig.4. and the waist height is decreased until a collision-fredigan

ration is found. The geometrical model used is a simplifarati
Algorithm 1 (L(t), R(t),W(t),CoM(t),UB(t)) — of HRP-2's full model for fast collision checking [21]. It is
SteppingOverObstacle(ow, 0, Sw, 51) based on line segments such as the ones depicted by points
1. (Xuds, Xnass Zns) — FU (0, 0n, Sws 1) L; i = 1,...,7 in Figld. Theoretical_ly, for eachX,qs), the _
2. (Ly(t), Ri(t), ZM Paes (1)) associated ZMP and CoM trajectories sho_uld be computed in
FTG(0w,0n, Sws Shy Xadss Xnds) o_rder to obta.m the propeX,,s. However, this woulq be very
3. (CoMy(t), W1 (t)) «— time consuming. Therefore, we use a paramétgr given as:

CWTGL(ZM Py, Znas)

4. Legs(t) — IK(Ly(t), Ry (t), Wi (t)) Knds = 0D Xads (e2)

5. UB(t) <« UBMG(CoM;(t), W1(t)) The value of parametefps originates from simulations for

6. (CoM(t), Wa(t)) — normal walking with an estimation for different step-lengt
CWTG2(ZM Pes(t), Legs(t), UB(t), Li(t), Ra(t)) using (16). Simulations show that the value &fs does

7. (L), R(t), W(t)) — FTA(L1(t), R (1), Wa(t not vary significantly when stepping over is considered. We

believe that finding this parameter, or a look-up-table ofiner
The Feasibility Unit(FU) calculates the required step-lengthobots is feasible (heréps = 0.5). More information about
(X4as), hip-forward position &;,45), and hip-height Z,4) this unit can be found in [21].



B. Feet Trajectory Generator (FTG)

For the three translations and pitch rotation of the foa
clamped cubic splines (CCS) are chosen over the mc
traditional polynomials because the later tend to oseilla
when different control points are chosen. The control in«]
are introduced according to the step-lengfi,{;) and the
obstacle dimension. In order to lower the impact at touc
down, intermediate points are added to obtain a decreas
linear distribution of the speed over the trajectory, asated
in Figl3. The impact force was reduced frd200 N to 625 N,
which is 1_‘1 times the robot's .Welght' A detallled descnptlor]:ig. 5. Stick diagram of HRP showing intersection of the rearwith the
of the trajectory generator which allows avoiding the oblgta boundary of the obstacle
and controlling the speed can be found in [22].

C. CoM and Waist Trajectory Generator (CWTG1) 27
4 — Waist Position Before Waist Adaption
1) Vertical Waist trajectory: The waist-height selection _ iz | — Waist Posion Final ’ Vel
requires planning of the vertical waist motion, which haséo £ 1'4 | X Ipdesied e

changed (lowered) from the normal walking height to rea@
(Z14s) during the double support over the obstacle, which was

determined by the feasibility study. During the step over & 08 | //
the first leg, the waist is lowered such that it reactigg,. E 06 1 / . Double support
Subsequently, it is raised during the second step. Bothom®ti £ o4 | — over obstacle
are achieved by regular third order polynomials that inelud o2 //
boundary conditions at the position and velocity levelsteNo 0 — :
that as long as the conditiot, < ¢ is satisfied, we can oot e o e e
independently plan the height from the other two axes.

2) Horizontal COM trajeCtory:The horizontaCOM mOtion 2 71— Left Foot Positions X Before Adaptation — Left Foot Positions X Final
is calculated from the desiredMP trajectory and the feet 184

R B . . R 4 — Left Foot Positions Z Before Adaption Left Foot Positions Z Final
trajectories using the first stage of the ZMP preview control 6. 0 ione « ZMPdesied [
method [13]. This implies that only the point mass modeEl 141 /
specified in[(15) is considered at this stage(t) and Ry (t) ¢ 12 - [
are used to compute the ZMP desired trajectory. £

3) Rotational waist motion:In order to clear more spaceg‘ 08 1
during the double support over the obstacle and consequeritl 05 1 /- ... Double support
allow for larger obstacles to be stepped over, the waist of ©°4 /7 ~ 2 over obstacle

H H 0,2 4 J

the robot is rotated. The HRP-2 robot includes 2 extra DOFs "] /Z“ | \ .

(yaw and pi_tch) between the waist and upper body; thus the ° . ; . . . . ; . s 10
yaw angle is rotated such that the waist is not parallel to Time (s)
the obstacle anymore while the upper body and head (with

o ; ; i = Fig. 7. Stepping over &5-cm-high and5-cm-wide obstacle of (plu8 cm
vision sys.tem) are stil orlepted towards the W?'I.K-mg_dlm safety boundary 2 x 3cm safety boundary, respectiveh@MP and waist
We experimentally determined that the conditi6n = 0 is  position in walking directionX) and horizontal and vertical foot positions
verified because of the HRP-2 mass distribution when its the

upper body does not move. This motion is achieved with an
analogous polynomial structure as in the case of the vértica

waist motion. o _ _
The knee-over-stretch of the swinging leg during the first

. step occurs due to the fact that the waist has not moved suffi-

D. Upper body motion generator (UBMG) and Second CoMendy far to the front with respect to the foot motion. lth
and Waist Trajectory Generator (CWTG2) CoM of the robot is shifted to the rear by a specifically chosen

Using the 3 units described above, the stepping over trajepper body motion, the dynamic filter (19) compensates for
tory generator can negotiate obstacles up to a height of 20 d¢ire shift on the totalCoM by moving the waist forward in
For higher obstacles, near overstretching must be avoidedjer to maintain the desiredMP. If the perturbation is
specifically during experiments, as we observed that theexsuch thatp’¢/2(k) < 0, it in turn allows ¢, (k) > 0 in
stabilizing control loop [23], currently implemented ineth (18) for generating a forward motion of the waist. This is
HRP-2 robot, generates high accelerations in this sitoatioealized by creating a backward motion of the arm so that
These high accelerations trigger the robot’s low-levelisiee  p’e/t (k) < p2B(k). It is not possible to use the chest as the
system. robot is limited with this joint in the backward direction.
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(4)

()

First Step R No Overstretch Double Support No Intersection No Intersection

Fig. 6. Snapshots of the step over procedure for an obst&cds am plus3 cm safety boundary zone after waist and foot trajectory tadimm

E. Feet trajectory adaptor (FTA) The Jacobian matri¥/, is calculated starting from the inter-

There is no guarantee that finding the key configuration §gction point with the safety boundary around the obstaude a
the feasibility unit will result in collision-free stepminover “» @ways from the ankle point. Thus, eliminating the vector
since it only provides a collision-free double-support sgha changesdq in (23) and((24) gives:

This especially occurs when large obstacles are negotiated dP = J,JdS (25)

due to the complex movement and the shape of the leg itself.

Therefore, the last tool required is a trajectory adaptet tivhere J; a (Moore-Penrose) pseudo-inverse.fsince the
makes small corrections to the planned base trajectorfgs. Tiatter has dimensions of x 4.

mainly acts during the third phase of the motion (i.e., secon An animation of the upper body motion and the proposed
leg stepping over). Indeed, the knee intersects the Saf@g,aptation of the foot is shown in Fig.6 and can also be seen in
boundary on top of the obstacle, as depicted in Fig.5. the accompanying video. The backwards arm motion to avoid

In order to detect collisions, the line segments on the |é@ee—over—stretch, and the extra yaw waist rotation torclea
(L1, ..., L7) and the obstaclefOy, ..., 0,) depicted in Fig.1 More space between the Iegs.durlng dpubl_e support over the
are used, as described in [1]. Three methods are preserflBatacle, can be clearly seen in the animation.
to modify the foot trajectory appropriatelyl) modifying the
foot trajectory,(2) modifying the height of the waist, an@) IV. SIMULATION RESULTS
using a penetration distance based controller. In this section, we present simulation results in which HRP-

1) Foot trajectory modification:The swinging foot trajec- 2 is able to step over higher obstacles than those during
tory is modified by shifting the horizontal position to theare experiments. The upper part of Fig.7 shows the waist trajgct
until no collision occurs. adaptation considering an obstacle25fcm-high and5-cm-

2) Waist height modificationin addition to the foot tra- wide (with 3 cm safety boundary artix 3 cm safety boundary,
jectory alteration, the waist height trajectory is incesAsuch respectively). It can be seen that the waist is more towards
that the knee does not intersect the safety boundary on toptleg rear than before the adaptation, which induces the over-
the obstacle. stretch. The bottom part depicts the modification of the foot

After applying the waist-height variations, collisions ynatrajectory adaptor on the left foot trajectory during ph&se
still occur, and thus the foot trajectory is adapted incnemeThe foot lift is clearly higher after adaptation to cope wiitie
tally. high obstacle. Accordingly, the step-length initially @alated

3) Controller on penetration distanceDuring phase 3 if by the feasibility tool is larger after the foot adaptatidie
a collision occurs between the lift-off leg and the obstaele ZMP trajectory shows that the overall stability is guarantegd b
horizontal penetration vectaiS is calculated. Subsequently,the dynamic filter. During these simulations speed and ®rqu
an appropriate ankle displacement veadd is computed in motor limits are not present.
order to avoid the intersection with the boundary around the
obstacle. It is assumed that the calculated penetrat®ris V. EXPERIMENTAL RESULTS
small whenever a collision is detected. Therefore, Jacobia The results of stepping over drs-cm-high ands-cm-wide
calculations can be used to link the displacemeisanddP.  (with a 3 cm safety boundary anéx3cm safety boundary,
The joints angles of the HRP-2 robot legs are represented fa¥pectively) are depicted in Fig.8, Fig.9 and [Fig.10, The
q, anddq denotes the displacemedP. AnalogousdS and  figures show the desiredMP and waist position for both
dP are expressed with respect to a coordinate frame attachgg walking direction X) and the perpendicular horizontal
to the waist: direction () (showing 7 steps). A normal step takes78s

ds = J.dq (23) for single support and.02s for double support, while the
__ stepping over step and both previous and subsequent steps
dP = J,dq (24)  take1.5s and0.04s respectively. The stability of the system




is given by the position of théMP, which is calculated using 2] _ o
the complete multi-body model of the robot. L8 :imml.ff;yy; SF;’f;:;iY:ZLW
The bottom graphs in Fig.9 show both tE&P calcula- g “°7] —waistPosiionx

tions after the first and second preview controllers. Thé fir§
preview is clearly jerky and different from the desiréP,
specifically for the stepping over. However the dynamic rfilte2
(second preview control) compensates completely for tige us
of the simplified model, the disturbances of the large swiré
leg motions and the waist height variation during the stegpi
over. It is particularly important in this direction becauthis

positi

“-.. Double support
over obstacle

is where the largest perturbations occur, while the supreda o 1 2 a3 a4 s s 1 8 s 1
is the shortest. Time (s)
The accompanying video shows several motions over dif-
ferent obstacles. The obstacle limit for real experimehtst 1g | T LeftFoot Positions X Left Foot Positions 2
. . R 4 — Right Foot Positions X — Right Foot Positions Z
far is 15 cm mainly due to the following reasons. 161 X2 desired /[

An important influencing factor is the presence of the extra ,, |
stabilizing control loop [23]. The preview pattern generat £, |

considers the complete multi-body model of the robot busdoé 1] / :
not include model parameter errors, compliance of the feé;t, 08 | )
extra external perturbations, etc. Therefore, the stailacts € o6 /‘ ~7 = . Double support

on the posture of the robot try to match the real measured o4 /7 - over obstacle

ZMP with the desired one. This feedback loop controls the o: /7;/

waist motions and consequently the leg stance configuration o / ‘ ‘ ; ‘ ‘ ‘ : ‘ ‘

further it adapts the swing leg according to the changingwai etz 4 Tlmi(s) & 7 8 910

position. Consequently, even if near over-stretch situnati

are carefully avoided by the step over planner, the sta&ilizrig. 8. zMP and waist position in the walking directiok), including

tends to induce high accelerations and saturates the mdigiizontal and vertical foot positions, for stepping oved&cm-high and

torque. This creates a tracking error that triggers HRP-fégzg'iSeely(f lus3cm safety boundary and plusx 3em safety boundary,

security system into automatically cutting the power syppl

For stepping over 20-cm-high obstacle, this limitation was

reached, e.g., in the knee of the second swing leg steppirg ov %12 —ZMP desired Y — Waist position Y

the obstacle. This is also the reason why a compensating arm

motion to the rear, as discussed in section Ill-D, is prodide-

in the experiments. S o004l
The computation time of the planning phasel®) ms for

this obstacle, i.e., steps 1 and 2 of algorithm 1. Steps 3 te 7

08

0

and wlkt positio

computed online, and each iteration take$ ms in HRP-2. 004 ]
However, it is important to note that step 7 requires no tinte
as there is no collision for this obstacle’s size and theeei® 0,08
not activated. v
o1 ) e ... Double support

- over obstacle
VI. CONCLUSIONS
0,12 — ZMP MultiBody Y First Preview ‘ ZMP MultiBody Y Second Preview

This paper reports on dynamically stepping over large ob- — N R e
stacles using the humanoid robot HRP-2. The key to clearing oo 1 7 T
large obstacles is in shortening the double-support phage a
lowering theCoM height using a dynamical walking patterng
generator. We described a method to modify the feet trajectos b= | ‘ ‘ ‘ ‘ ‘ ‘ ‘
and upper body motion that considers obstacle avoidarice, jo2 1 2 3 4 5 6 1 8 | e| 10
limits, dynamical stability, and impact. The different tsbf & 004+
the stepping over trajectory generator were discussedtail de

Due to the limitations of the commercially available ZMP  °®| [ i —
controller, 15cm (with the addition of the3 cm boundary 012
values) is currently the maximum height for HRP-2 in an Time (s)

experiment. However we have shown through simulation thlgt o ZMP and waist nosition of th dicular horizontd girect
. . ; ig. 9. and waist position of the perpendicular horizontgl direction
HRP-2 can step over 25-cm-high and5-cm-wide (with the ;"0 0ing over an obstacle 98-cm-high ands-cm-wide (plus3 cm safety

addition of the3cm boundary values) obstacle using th@oundary and plug x 3cm safety boundary, respectively)
proposed strategy.
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Fig. 10. Photograph sequence of HRP-2 stepping over anabddsttl 5-cm-high ands-cm-wide (18-cm height and 1-cm width including safety boundaries).

The images are taken every 0.64s

Currently, the stepping over procedure is being integratgid]
with several other walking modes and behaviors in the real
robot. It has been routinely demonstrated to visitors, aasl Hll]
been tested on a different HRP-2. In the future a vision syste
will be integrated to detect obstacle dimensions and mwsiti [12]
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