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Abstract: The development of an algorithm to achieve optimal cyclic gaits in space for a thirteen-link biped and twelve

actuated joints is proposed. The cyclic walking gait is composed of successive single support phases and

impulsive impacts with full contact between the sole of the feet and the ground. The evolution of the joints are

chosen as spline functions. The parameters to define the spline functions are determined using an optimization
under constraints on the dynamic balance, on the ground reactions, on the validity of impact, on the torques
and on the joints velocities. The criterion considered is represented by the integral of the torque norm. The

algorithm is tested for a biped robot whose numerical walking results are presented.

1 INTRODUCTION able, to solve the inverse dynamic problem to find the
joint accelerations and integrations are used to obtain

The design of walking gaits for legged robots and par- the evolution of the reference trajectory in velocity
ticularly the bipeds has attracted the interest of many and in position. Thus this approach require many cal-
researchers for several decades. Due to the unilaterafulation : the direct dynamic model is complex and
constraints of the biped with the ground and the great Many evaluations of this model is used in the inte-
number of degrees of freedom, this problem is not gration process. In (Beletskii and Chudinov, 1977),
trivial. Intuitive methods can be used to obtain walk- (Bessonnetetal., 2002), (Channon etal., 1992), (Zon
ing gaits as in (Grishin et al., 1994). Using experi- frilli et al., 2002), (Chevallereau. and Aoustin, 2001)
mental data and physical considerations, the authorsor (Miossec and Aoustin, 2006) to overcome this diffi-
defined polynomial functions in time for a prototype culty, the parametric optimization defines directly the
planar biped. This method is efficient. However to reference trajectories of Cartesian coordinates or joint
build a prototype and to choose the appropriate actu-coordinates for 2D bipeds with feet or without feet.
ators or to improve the autonomy of a biped, an op- An extension of this strategy is given in this paper for
timization algorithm can lead to very interesting re- @ 3D biped with with twelve motorized joints. The
sults. In (Rostami and Besonnet, 1998) the Pontrya- dynamic model is more complex than for a 2D biped,
gin's principle is used to design impactless nominal SO its computation cost is important in the optimisa-
trajectories for a planar biped with feet. However the tion process and the use of Newton-Euler method to
calculations are complex and difficult to extend to the Calculate the torque is more appropriate than the La-

3D case. As a consequence a parametric optimisationdrange method usually used. Since the inverse dy-
is a useful tool to find optimal motion. namic model is used only to evaluate the torque for

The choice of optimisation parameters is not the constraints and criterion calculation, the number

unique. The torques, the Cartesian coordinates orOf evaluation of the torque can be limited. The de-
joint coordinates can be used. Discrete values for the Sired motion is based on the solution of an optimal
torques defined at sampling time are used as optimiza-Problem whose constraints depend on the nonlinear
tion parameters in (Roussel et al., 2003). However Multibody system dynamics of the 12 DoF biped and

it is necessary, when the torque is an optimised vari- physical contact constraints with the environment.
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A half step of the cyclic walking gait is com- 2 MODELSOF THE STUDIED
posed uniquely of a single support and an instanta- BIPED ROBOT
neous double support that is modelled by passive im-
pulsive equations. This walking gait is simpler that .
the human gait, but with this simple model the cou- 2-1 Biped Model
pling effect between the motion in frontal plan and
sagittal plane can be studied. A finite time double We considered an anthropomorphic biped robot with
support phase in not considered in this work currently thirteen rigid links connected by twelve motorized
because for rigid modelling of robot, a double support joints to form a tree structure. It is composed of a
phase can usually be obtained only when the velocity torso, which is not directly actuated, and two identi-
of the swing leg tip before impact is null. This con- cal open chains called legs that are connected at the
straint has two effects. In the control process it will hips. Each leg is composed of two massive links con-
be difficult to touch the ground with a null velocity, nected by a joint called knee. The link at the extremity
as a consequence the real motion of the robot will be of each leg is called foot which is connected at the leg
far from the ideal cycle. Furthermore, large torques by ajoint called ankle. Each revolute joint is assumed
are required to slow down the swing leg before the to be independently actuated and ideal (frictionless).
impact and to accelerate the swing leg at the begin- The ankles of the biped robot consist of the pitch and
ning of the single support. The energy cost of such the roll axes, the knees consist of the pitch axis and
a motion is higher than a motion with impact in the the hips consist of the roll, pitch and yaw axes to con-
case of a planar robot without feet (Chevallereau. and stitute a biped walking system of two 2-DoF ankles,
Aoustin, 2001), (Miossec and Aoustin, 2006). two 1-DoF knees and two 3-DoF hips as shown in

figure 1. The action to walk associates single support

Therefore a dynamic model is calculated for the phases separated by impacts with full contact between
single phase. An impulsive model for the impact on the sole of the feet and the ground, so that a model in
the ground with complete surface of the foot sole of single support, a model in double support and an im-
the swing leg is deduced from the dynamic model pact model are derived.
for the biped in double support phase. It takes into

account the wrench reaction from the ground. This 2 2 Geometric Description of the Biped
model is founded on the Newton Euler algorithm,

considering that the reference frame is connected to a1q jefine the geometric structure of the biped walk-
stance foot. The evolution of joint variables are cho- ing system we assume that the link O (stance foot)
sen as a spline function of time instead of usual poly- ;<" iha pase of the biped robot while link 12 (swing
nomial functions to prevent oscillatory phenomenon foot) is the terminal link. Therefore we have a sim-
during the optimization process (see (Chevallereau. o ohen |o0p robot which geometric structure can be
and Aoustin, 2001), (Sgitfouni gpit BeZgonnet; 2003) yescribed using the notation of Khalil and Kleinfinger
or (L. Hu and Sun, 2006)). The coefficients of the i and Dombre, 2002). The definition of the link
spline functions are calculated as function of initial, ¢ ocis given in figure 1 and the corresponding ge-
intermediate and final configurations and initial and g atric parameters are given in Table |. The fraRge

final velocities of the robot which are optimization 44 4inates, which is fixed to the tip of the right foot
variables. Taking into account the impact and the fact (determined by the width, and the length.p), is de-

that the desired walking gait is cyclic, the number of fined such that the axis is along the axis of frontal

optimization variables is reduced. The criterion con- ;nint ankle. The fram@s s fixed to the tip of the left
sidered is the integral of the torque norm. During the foot in the same way tha,.

optimization process, the constraints on the dynamic
balance, on the ground reactions, on the validity of . A
impact, on the Iirr?its of the torques, on the joints>\//e- 2.3 Dynamic Model in Single Support

locities and on the motion velocity of the biped robot Phase

are taken into account. The paper is organized as fol-

lows. The 3D biped and its dynamic model are pre- During the single support phase the stance foot is as-
sented in Section Il. The cyclic walking gait and the sumed to remain in flat contact on the groune,,
constraints are defined in Section lll. The optimiza- no sliding motion, no take-off, no rotation. Therefore
tion parameters, optimization process and the crite- the dynamics of the biped is equivalent to an 12 DoF
rion are discussed in Section IV. Simulation results manipulator robot. Legj € R'? be the generalized co-
are presented in Section V. Section VI contains our ordinates, where, ...,012 denote the relative angles
conclusion and perspectives. of the joints,q € R!? and ¢ € R'? are the velocity
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Figure 1: The multi-body model and link frames of the
biped robot.

Table 1: Geometric parameters of the biped.
i [a(D[o; [ 6 r dj
11 010 o1 Iy di
2 1 lZT (07) 0 0
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12| 11 g di2 0 0
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and acceleration vectors respectively. The dynamic

model is computed using the Newton-Euler method
(see (Khalil and Dombre, 2002)) represented by the
following relation

r=£(q,9.6,R~) (1)
wherel” € R'? s the joint torques vector arfd is

(M.W.Walker and D.E.Orin, 1982), that tH& col-
umn is equal td if

4=09=04=86,R=0

g € R12<1 s the unit vector, whose elements are zero
except thé'" element which is equal to 1.

The calculation of the vectdds is obtained in the
same way thaDg considering thatHs =T if § = 0.
Therefore, the dynamic model under the Lagrange
form is denoted by the following matrix equations

[ = Ds(a)§+Hs(q,9)

whereDs € R1?%12 js the symmetric definite positive
inertia matrix.

To take easily into account the effect of the reac-
tion force on the stance foot, it is interesting to add 6
coordinates to describe the situation of the stance foot.
Newton variables are used for this link, thus its veloc-
ity is described by the linear velocity of franfg : Vo
and angular velocityy. Since the stance foot is as-
sumed to remain in flat contact, the resultant ground
reaction force/momernftg and Mg are computed by
using the Newton-Euler algorithmuwy = 0, p =0
andVp = —g are the initial conditions of the Newton-
Euler algorithm to take into account the effect of grav-
ity. So, the equatioii2) becomes

D(X)V+C(V,q) +G(X) =Drl +DrRs;,  (4)

whereX = [Xp,00,q]"T € R, X anday is the posi-
tion and the orientation variables of frankg, V =
[NVo,2wo,q" € R8 and V = [%Vp,2d,q)" € RS,

D € R¥®18 js the symmetric definite positive iner-
tia matrix, C € R18 represents the Coriolis and cen-
trifugal forces, G € R18 is the vector of gravity.
Re; = [Fr,MR]" € R® is the ground reaction forces
on the stance foot, calculated by the Newton-Euler al-
gorithm, Dr = [06><12 | |12><12}T € R18x12 gngd Dr =
lloxe | O12x6]" € R®*18 are constant matrices com-

the external wrench (forces and torques), exerted byposed of 1 and 0.

the swing foot on the ground. In single support phase
R = 0 and in double support phabe# 0.

In order to denote the dynamic model under the
Lagrange form

I =Ds(q)4+Hs 2)

with
Hs = (Cs(a,9) +Gs(a)) 3)

the equatior(1) is used. In such calculation the ma-
trix Ds and the vectoHs are neededCs € R12 repre-
sents the Coriolis and centrifugal forces abge R?
is the vector of gravity.

The matrix Dg is calculated by the algorithm
of Newton-Euler, by noting from the relatiofd),
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In the optimization process, the torques and force
are calculated with the Newton-Euler algorithm and
not with the equatioti4) . The Newton-Euler is much
more efficient from the computation point of view,
(Khalil and Dombre, 2002).

2.4 Dynamic Model in Double Support
Phase

In double support phase, only the forces and moments
of interaction of the left foot with the ground have to
be added. Then, the modd) becomes

D(X)V +C(V,q) + G(X) + D¢R¢ = DrT + DrRr,
(5)
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whereR; € R® represents the vector of forcEg and
momentsM1, exerted by the left foot on the ground.
This wrench is naturally expressed in fraRe :12
F1o, 12M1,. The virtual workdW» of this wrench is :
AWz =12 P dia +12 Mi3812 (6)

where 2dy, represents an infinitesimal virtual dis-
placement of the link 12 ant?d;, represents an in-
finitesimal virtual angular displacement. The relation
between these virtual displacemer&};» and125,,,
and the virtual joints displacemedd;» are the same
that between the velocitiédVy,, 1% w2 anddo.

Usually the velocities of link 12 can be expressed

Vi2 Vo +Wo x° Py :
=[P L @)
where®Py, is the vector linking the origin of framigg
and the origin of fram&,;» expressed in framigy, J12
€ R®*12 s the Jacobian matrix of the robdt,q rep-
resents the effect of the joint velocities on the Carte-
sian velocity of link 12. The velocitie®;»> andwi»
must be expressed in framRe,, thus we write(7):

1 12 1270P
[ N1z } _ { Ao AgP12 } { gVo ]+12312q

12y 03x3 2p0 Wo
8)

wherel2A, € R3%3 js the rotation matrix, which de-
fines the orientation of framigy with respect to frame
Rio. TermPPy, is the skew-symmetric matrix of the
vector product associated with vech.

A 0 -P, R
o= P, 0 -—PR
-BR, B O

Defining matrixDs € R'8%6 as the concatenation
of two matrices such thadDs = [T |*2J1,]T, where
1231, € R6*12js the Jacobian matrix of the robot and

T € R*6 equals

12 12705

T=| o g | ©

O3 Ao
Then, the linear and angular velocities of the swing
foot in frameRy is :

12\/12

12,
ThenD; can be defined by applying the virtual prin-
ciple on the second leg. However in order to com-
pute the matriXDy, it is necessary, either to calculate
the matrix2J;, jacobian by a traditional method, by
taking into account the equatid®), or to calculate
this matrix by the algorithm of Newton-Euler, by not-
ing from relation(5) that thei'" column is equal to
Drl + DrRx; if

V=0V =0g=0andR =g

] =D}V (10)

FORMULATION

2.5 Impact Equationsfor | nstantaneous

Double Support

When the swing foot touches the ground, an impact
exists. In reality many possibilities can appear for an
impact (partial contact with the sole on the ground,
elastic deformations of the bodies and the ground).
To simplify our study this impact is assumed to be in-
stantaneous and inelastic with complete surface of the
foot sol touching the ground. This means that the ve-
locity of the swing foot touching the ground is zero
after its impact. We assume that the ground reaction
at the instant of impact is described by a Dirac delta-
function with intensitylg,. Assuming that the previ-
ous stance foot is motionless before the impact and
does not remains on the ground after the impact the
dynamic model during the impact is (see (Formal’sky,
1982) and (M. Sakaguchi and Koizumi, 1995))

D(X)AV = —Dilg (11)
DIv* 0 (12)
o ] - %] @

where AV = (VT — V™) is the change of velocity
caused by the impact and™ (respectivelyv ~) de-
note the linear and angular velocity of the stance foot
and also the joint velocities of the biped after (respec-
tively before) the impact. These equations form a sys-
tem of linear equations which solution allows to know
the impulse forces and the velocity after the impact,
thus they can be applied to the biped walking system.

3 DEFINITION OF THE
WALKING CYCLE

Because biped walking is a periodical phenomenon
our objective is to design a cyclic biped gait. A com-
plete walking cycle is composed of two phases: a sin-
gle support phase and a double support phase which is
modeled through passive impact equations. The sin-
gle support phase begins with one foot which stays
on the ground while the other foot swings from the
rear to the front. We shall assume that the double sup-
port phase is instantaneous, this means that when the
swing leg touches the ground the stance leg takes off.
There are two facets to be considered for this prob-
lem. The definition of reference trajectories and the
method to determine a particular solution of it. This
section is devoted to the definition of reference tra-

& € R%1 s the unit vector, whose elements are zero jectories. The optimal process to choose the best so-

except thé!" element which is equal to 1.

lution of parameters, allowing a symmetric half step,
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from the point of view of a given criterion will be de- where g max denotes the maximum velocity for
scribed in the next section. each actuator.

. . . e The upper and lower bounds of joints for the con-
3.1 Cyclic Walking Trajectory figurations during the motion are:
Since the initial configuration is a double support con- Gimin < Gi < Gimax fori=1,..,12 (18)

figuration, the both feet are on the ground, the twelve
joint coordinates are not independent. Because the
absolute frame is attached to the right foot we define

the situation of the left foot byyit,z:,@¢) and the 322 Geometrical Congraintsin Double

i min @nd g; max Stands respectively for the mini-
mum and maximum joint limits.

situation of the middle of the hips, Yn, zn, 6n), both Support Phase
expressed ifRy frame. (yit,z¢) is the coordinate, in
the horizontal plane, of the left foot positiog; de- e The distanced(hip, foot) between the foot in

notes the left foot yawing motion(xs, ¥n,z,) is the
hip position andd;, defines the hip pitching motion.
The values of the joint variables are solution of the
inverse kinematics problem for a leg, which may also d(hip, foot) < Ipjp. (19)
be considered as a 6-link manipulator. The problem . . i '
is solved with a symbolic software, (SYMORO+, see Thls cqndmon must hold for initial and final con-
(Khalil and Dombre, 2002)). figurations of the double support.

In order to deduce the final configuration, we im- e In order to avoid the internal collision of both feet
pose a symmetric role of the two legs, therefore from through the lateral axis the heel and the toe of the

contact with the ground and the hip must remain
within a maximal valuei.e.,

the initial configuration, the final configuration is de- left foot must satisfy
duced as:

Ufos = EGine (14) Yheel < —aandyioe < —a (20)
where E € R12¥12 js an inverted diagonal matrix with a > 2 and and,, is the width of right foot.
which describes the legs’ exchange. ¢ .

Taking into account the impulsive impa¢t1)- 323 Walking Constraints

(13), we can compute the velocity after the impact.

Therefore, the velocity after the impact!, can be e During the single support phase to avoid colli-

calculated when the velocity before the impart, is sions of the swing leg with the stance leg or with

known. The use of the defined matixallows us to the ground, constraints on the positions of the four

calculate the initial velocity for the current half step corners of the wing foot are defined.

as: _ y e \We must take into account the constraints on the
G=Eq". (15) ground reactiorRe, = [Rex,. Rey: Re.,|T for the .

By this way the conditions of cyclic motion are satis- stance foot in single support phase as well as im-

fied. pulsive forceslr, = [Iry,, IRy, Ire,]T ON the foot

touching the ground in instantaneous double sup-
3.2 Constraints port phase. The ground reaction and impulsive

forces must be inside a friction cone defined by

In order to insure that the trajectory is possible, many the friction coefficientil.  This is equivalent to

constraints have to be considered. write
3.21 Magnitude Constraintson Position and V R.E—RerR,%RZ < MR, (21)
e 3,113, < WR, (22
* Each actuator has physical limits such that The ground reaction forces and the impulsive
im0, fori=1. 12 (1) [0 aihecontactanony e groun
wherel’; max denotes the maximum value for each no take off is deduced:
actuator. R, > 0 23)
|G| — Gmax < 0, for i=1,..,12  (17) R = 0. (24)
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¢ In order to maintain the balance in dynamic walk- 2. The velocity before the impact is also prescribed
ing, theZMP = CoP, (Zero Moment Point equiv- by twelve parameters; (i =1,...12).
alent to the Center of Pressure, see (Vukobratovic
and Stepanenko, 1972), point must be within the
support polygonj.e., the distance from CoP to
support polygon is negative

3. The left foot yawing motion denoted gyt and its
position(yit,z¢ ) in the horizontal plane as well as
the situation of the middle of the hips defined by
(Xn, Yn, Zn, Bn) in double support phase are chosen

d(CoRSP <0, (25) as parameters.
whereSPdenotes the support polygon determined | ot ys remark that to define the initial and final
by the widthl, and the length.; of the feet. configurations in double support nine parameters are

required however we define these configurations with
only seven parameters. The two others parameters,
4 PARAMETRIC OPTIMIZATION orientation of the middle of the hips in frontal and

transverse plane, are fixed to zero. The duration of a
4.1 TheCubic Spline half step,Ts, is fixed arbitrarily.

To describe the joint motion by a finite set of parame- 4.3 Criterion
ters we choose to use for each joint a piecewise func-

tion of the form In the optimization process we consider, as criterion

din(t) if to<t<ty Jr, the integral of the norm of the torque divided by

dip(t) if t1<t<ty the half step length. In other words we are minimizing

a = ¢i(t)= . a quantity proportional to the energy required for a
motion

bin(t) if tha<t<ty L
i = 1..12 Jr:a/ rTrdt (27)
'

wheregy(t) are polynomials of third-order such that  \yhereT, is the time of the half step. This general form

3 ‘ of minimal energy performance represents the losses
dik(aw,t) = Z)aikj(t —t1)!, k=1,...,nVt € [to, tn] by Joule effects to cover distande
j:

(26)
where aj; are calculated such that the position,
velocity and acceleration are always continuous in
to,t1, ...tn. We usech = 3, thus the motion is defined ~ Generally, many values of parameters can give a pe-
by a specified initial configuration, a final configura- riodic bipedal gait satisfying constraintt7)-(24) . A
tion in double support and two intermediate configu- Parametric optimization process, which objective is
rations in single support taking into account the initial to minimizeJr under nonlinear constraints, is used to

and final velocity as boundary conditions. find a particular nominal motion. This optimization
process can be formally stated as

4.4 Optimization Algorithm

4.2 Optimization Parameters

minimize Jr(p) (28)
subjectto gi(p) <0 i=12,..,1l

A parametric optimization problem has to be solved

to design a cyclic bipedal gait with successive single wherep is the vector of parameterd; (p) is the cri-
and double support phases. This problem depends oierion to minimize with constraintsj; (p) < 0 to sat-
parameters to prescribe the two intermediate configu- isfy. This constraints are given in section 3.2. The
rations,gint1 @nddint2, and the final velocity inthe popjinear constrained problem is solved using the
single support phase. Taking into account the condi- patlab functionfmincon This optimization function
tions(14) and(15) the minimal number of parameters  5oyide an optimization algorithm based on the Se-
necessary to define the joint motion are: quential Quadratic Programming (SQP). Therefore,
1. Twenty-four parameters are needed to define thethis nonlinear optimization problem with forty-three
two intermediate configurations in single support variables: twenty-four for the two intermediate con-
phase, twelve parameters for the first intermediate figurations in single support, twelve for the velocity
configurationg; int1 and twelve parameters for the  before the impact and seven to solve the inverse kine-
second intermediate configuratiog),inte for i = matics problem, subject to the constraints given by
1,...,12. (17)-(24), is solved numerically.
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Table 2: Parameters of SPEJBL.

Physical Parameters Maflgg)  Length(m)
Torso 0.3967 d7 =0.140
Right Leg
Hip 0.2604 linked to torso
Thigh 0.1224 ds =0.120
Shin 0.0558 d; =0.120
Ankle 0.1278 d; = 0.042
Foot 0.3045 L, =0.178

5 SIMULATION RESULTS

To validate our proposed method, we present the re-
sults of an optimal motion for the biped shown in fig-

ure 2. The desired trajectory was obtained by the op-gjgnt knee joint position

timization process presented in Section IV, with the
minimization of the criterior(27) satisfying the con-
straints given by(17)-(24). The figure 4 shows the
evolution of the optimal motion for a half step with
duration, of a single support, which is equal t&6®

s. For the simulation, we use the physical parametergight anki

of the SPEJBL. The physical parameters of SPEJBL
are collected in Table 2. Figure 2 shows the photo
of SPEJBL and also the dimensional design drawn by
VariCAD software.

Figure 2: Dimensional drawing of SPEJBL.

The results shown have been obtained Wigh=
0.58s. The optimal motion is such that the step length
is 0.366 m and the optimal velocity is.6323 m/s.
These values are results of the optimization process.

The normal components of the ground reactions,
in function of time, of the stance foot during one half

step in single support are presented in figure 3. The

average vertical reaction force is R0 which is co-
herent with the weight of the robot which the mass
equals 21385Kg. The chosen friction coefficient is
0.7.

The figure 4 shows the evolutions of joint vari-
ablesqi(t) i = 1,...,12, defined by the third-order
spline function presented in Section Ill, in the single

1SPEJBL is a biped robot designed in the Department of
Control Engineering of the Technical University in Prague.
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Figure 3: Normal components in the stance foot.
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Figure 4: Evolution of joint positions.

support phase during one half step. Let us remark that
the evolution of each joint variable depends on the
boundary conditiongg; ini, ¢ fin fori=1,...,12) and
also on the intermediate configuratioft,int1, i int2
fori=1,...,12) whose values are computed in the
optimal process.

The figure 5 shows the CoP trajectory which is al-
ways inside the support polygon determined py=
0.11mandLp =0.17m, that is, the robot maintains
the balance during the motion. Because the minimal
distance between of CoP and the boundary of the foot
is large, smaller foot is acceptable for this cyclic mo-
tion.

Figure 5: The evolution of CoP trajectory.

For a set of motion velocities, the evolution &f
criterion is presented in figure 6. With respect to the
evolution ofJr we can conclude that the biped robot
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in order to be able to use static walking, as a conse- J- Of Robotics Research3(2):137-147.

guence the feet are heavy and bulky, thus the resultingKhalil, W. and Dombre, E. (2002Modeling, identification
optimal motion is close to the motion of a human with and control of robotsHermes Sciences Europe.
showshoes. L. Hu, C. Z. and Sun, Z. (2006). Biped gait optimization us-

ing spline function based probability modéh Proc.
of the IEEE Conference on Robotics and Automation
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6 CONCLUSION M. Sakaguchi, J. Furushu, A. S. and Koizumi, E. (1995).
A realization of bunce gait in a quadruped robot with
articular-joint-type legsProc. of the IEEE Conference

Optimal joint reference trajectories for the walking of on Robotics and Automatiopages 697—702.

a 3D biped are found. A methodology to design such i . )
optimal trajectories is developed. This tool is useful Miossec, S. and Aoustin, Y. (200&pynamical synthesis of

- a walking cyclic gait for a biped with point feeSpe-
to test a robot design or for the control of the robot. In cial issue of lecture Notes in Control and information

order to use classical optimization technique, the opti- Sciences, Ed. Morari, Springer-Verlag.

mal trajectory_ls described by a set of parameters: W€ M. w.walker and D.E.Orin (1982). Efficient dynamic com-
choose to dgflne the_evolutlon of the ac_tuafted re!at|ve puter simulation of robotics mechanismiTrans. of
angle as spline functions. A cyclic solution is desired. ASME, J. of Dynamic Systems, Measurement and
Thus the number of the optimization variables is re- Control, 104:205-211.

duced by taking into account explicitly of the cyclic Rostami, M. and Besonnet, G. (1998). Impactless sag-
condition. Some inequality constraints such as the ital gait of a biped robot during the single support
limits on torque and velocity, the condition of no slid- phase. IrProceedings of International Conference on
ing during motion and impact, some limits on the mo- Robotics and Automatiopages 1385-1391.

tion of the free leg are taken into account. Optimal Roussel, L., de Wit, C. C., and Goswami, A. (2003). Gener-
motion for a given duration of the step have been ob- ation of energy optimal complete gait cycles for biped.

tained, the step length and the advance velocity arethe ! Proc. of tggglglzz%d?zonf. on Robotics and Automa-
result of the optimization process. The result obtained tlon_' pages a ' .

are realistic with respect to the size of the robot under Saidouni, T. and Bessonnet, G. (2003). Generating globally
study. Optimal motion for a given motion velocity ?)C‘;t";'fg?,fggg'zt%ga't cycles of a biped rotRobot-
can also be studied, in this case the motion velocity is T ' .
consider as a constraint. The proposed method to de_Vuko_bratc;wc, k,\n/l and Stepr)]_anenko, Y. (1952)' On tr|1e stabil-
fine optimal motion will be tested on other prototype ity of anthropomorphic systemsMathematical Bio-

ith di ’ | toh sciences15:1-37.
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