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Abstract. A method is presented in this paper to determine optimal values paranteters for the gait of
a humanoid robot. These parameters are relevant for a stable walkin rob en this one follows a
rectilinear path. By applying such optimal parameters the set of,ze meng points of the support foot,
corresponding to a step in the walking, is located as close as poSgible center of the footprint of the

support foot. The computation of the optimal parameters 4

lished by minimization of a nonlinear
objective function that describe the distance from the center of th print to a typical remote zero moment
point (ZMP) estimated from a sample of such poi enerated during a step. A study case is presented to
illustrate the efficacy of the proposed od. @ hi provide some advantages compared with other

approaches in the literature.
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1 Introdu

High instabilitygduning the walking is characteristic in humanoid biped robots. Rela-
i rturbations may cause that the robot falls during the walking. Thus, great
s in designing, motion planning and control of humanoids in order to
stability as much as possible. The main goal of studies developed on
omotion is to get a stable walking. The criterion of stability of biped robots
ppliéd in most of research works is based on the notion of the Zero Moment Point
MP), proposed by Vukobratovic [1]. Indeed, Shi et al. [2], for instance, proposed to
inimize the deviation between the center of the stable region and the ZMP by defin-
ing the optimum trajectory of the hip of a biped. The authors studied a 12 degree of
freedom (DOF) robot and they specified the pelvis motion by using sinusoidal func-
tions. These kind of functions, however, produces impact forces during the landing of
the free foot. In other work [3] the maximization of the stability margin of a biped was
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proposed by using optimum values of two parameters. The gait of the robot is based
on third order spline functions. In this case the impact forces aren’t neither avoided.
Other authors [4], based on a human walking, specify an ideal trajectory of the ZMP
and then the pelvis motion of the robot is determined such that the real trajectory of
the ZMP is near to the ideal one.

In more recent works, others criteria were applied in synthesizing walking patterns.
To reduce the instability, in [5] the motion planning was oriented to compensate the
yaw moment of the robot during the walking. On the other hand, a method was pr
posed in [6] to generate walking patterns that require the lowest friction forces.

In the present paper an approach is introduced to establish the optimum
walking parameters that maximize the stability margin of the robot Wring
support phase of the walking. The proposed method is applied to the Bjolo
oid robot with 12 DOF in legs. The gait of the humanoid is based_0 Ccy!
functions proposed in [7].

The next section describes the main features of the gait ap
formulation of the optimization problem and the process t presented in
third section. Then, this method is applied for walkin jon of the Bioloid
robot for a rectilinear path. Finally the conclusion of t is presented.

the robot. The

2 Specification of a walking

In the walking pattern of a bip&o esired poses for both the pelvis and the
oscilating (or free) foot are specified wit pect to a world’s frame (Xw-yw-zw) as
time functions. The points forgposition specification of these bodies are O, (pelvis)

correspondy to ssivewrotations applied in the order x - y - z to a frame whose
orientation hes the world’s frame in order to obtain the desired orienta-
i eq that define all the coordinates as time functions are those pro-
Some of the main walking parameters are appreciated in Fig. 2.

ort phase (DSP). The first one is achieved during a period 7, when only
is in contact with the floor while the other foot is moving forwards. DSP is
accomplished in a period 7p and starts when the moving foot lands and both feet keep
contact with the floor. DSP finishes when the rear foot leaves the floor to start the
next step. In SSP both the hip and the free foot move. In DSP only the hip moves.
Each step period is 7=Ts+7p. The SSP is the most instable one during the walking
and requires of a suitable motion planning.

The walking process is achieved in 3 stages: stage 1 or starting (completed in one
step), stage 2 or cruising (completed in n, steps) and stage 3 or stopping (completed
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Fig. 1 Kinematic scheme of legs of the Bioloid oid
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in @@(stage 1, the pelvis accelerates on direction xw from zero velocity by
using a ng semi-cycloidal motion until cruising speed (Vmax). This stage occurs
riod T, of the first step. The x coordinates of position for both feet when the
alking begins (t=0) are zero. The period of each step in cruising stage is T, with the
Ivis moving in direction xw with speed Vmax. In stage 3 the speed of the pelvis
ecreases by using a stopping semi-cycloidal motion, from Vmax to zero, in the time
T3 of the last step. A step at each stage has one single support phase (SSP) and one
double support phase (DSP). In rectilinear walking in direction xw, both feet finish
their motion having the same x coordinate. The total time is Tt= T:+ np T + T3 for
the walking The main parameters of the walking equations are shown in Fig. 2.
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3 Optimization problem

The geometry of a path of the ZMP that is generated on a footprint during the walk-
ing of a humanoid robot is determined by the dynamics of the robot’s motion. The
features of such a motion depends on the parameters of equations that define the walk-
ing. Thus, the coordinates of the ZMP are implicit functions of the parameters of the
walking pattern. Consequently, the optimal values of such parameters must be co
puted for the best behavior of the ZMP.

The criterion used in this work for optimization of walking consists in the locati
of the set of ZMP associated to a step in SSP as close as possible to the cen
sole of the support foot. The following procedure is proposed to sol ¥ this

For an arbitrary set of walking parameters, the coordinates correspo (oS m-
ple of np, zero moment points P; are taken (i=1, 2..., npnm), whi OIT! dtoa
single step in SSP during the walking. Such coordinates are obta mulation
process by using the Webots© software. Then, the distances gyglare c ted between
each one of the P; of the sample and the centroid Cy of the of the support foot.
The zero moment points of the set and C are schematizg

in Fig. 3, and a distance d; is also indicated. We compgte thé age d and the standard
deviation d,; of the set of distances and replace thenmjin thie*following objective func-
tion:
(1
where
2
1 on -
< s - 2 ()

It can be obse resents a typical large distance of the set of distances d;.

Therefore, of¥@istances as close as possible to the centroid Cy corresponds to the
minimum % uch a set can be obtained by using optimum values of some
signific aral rs of the walking pattern. When f'is minimized, then the stability
margin of t bot will be maximized.

Centroid of the footprint
/ f the footpi

P |/
Co d; ‘\/
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1

rint of the support foot
? f pport f Path of the ZMP

Fig. 3 Sample of zero moment points P; for a step of a walking.
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Because of f is not an explicit function of parameters of the walking pattern, the
optimal values of such parameters cannot be computed in a conventional way. Thus,
we use a regression model to obtain an approximative function f* whose independent
variables are the parameters of the walking pattern. In a first assessment of our ap-
proach we use only two parameters of walking as optimization variables, and propose
the following quadratic function as a regression model:

f*=by+ Wy — b;)*+ Wy — by)? “

The coefficients by, b,, b, are the parameters of the function (4), and w; , w,
the independent variables of walking. Thus, the values of the coefficients b, , by a
b, must be determined in such a way that f* approaches to f as much as pg % or

.,

a sample of sets of the independent variables. Such values of coeffifents
timal.

To compute the optimal values of coefficients of function (4 m starts
with an arbitrary set of values of b, , b; and b,. Then the functig viluated by
Eq. (4) for six different sets of values of parameters w; and by the user.
The greater the number of sets is, the better optimum cqg ¢ obtain. In this

the approximative function f*, we additionallyevalpate THC exact function f of Eq.
(1). The specific values of f evaluated for t variables w; and w, will be
termed f,,. Clearly, for each set of w; and w,, there will exists an error of f* with

respect to f,, , which is defined
e —skf

w )

When this error is evaluated he six'$cts of values of w; and w,, we have six

errors that must be globally ized in the process of optimization of coefficients
b, , by and b,. For this o tiopwe propose the following objective function:

. =€+te, (6)

where é is
uated by Eg. (5)F

rrofeand e, the standard deviation, of the set of errors eval-

unctions f,, that are employed in Eq. (5) during the process of
(6), numeric experiments must be achieved by using the sets of vari-
5. Such experiments consists in simulations of walking of the robot by
rrent values of w; and w, and the other walking parameters that are con-
YA Table 1 the values given for these parameters are displayed. The values of
those parameters not included in this Table are zero.

On the other hand, the two walking parameters that will be considered as independ-
ent variables w; and w, must be choosen for computation of by , b; and b,. In previ-
ous experimental studies on the walking of the Bioloid robot [9] it was observed that
the balancing of the robot was more sensitive to changes in values of the lateral dis-
placements dy, of the pelvis. Consequently, in this work we use the displacements dyps
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and dypa Of point Op of the pelvis in direction yw, associated to the single support

phase and double support phase, respectively. Thus, we define:

wy = 6yps

w, = 6ypd

(7
(®)

The meaning of these independent variables in the motion of the biped can be ap-
preciated in Fig. 4. The six sets of 0y, and Jy,s considered are given in Table 2. Thus,
minimizing function (6) by using the function fmincon of Matlab© for these sets
parameters we obtain b, = 0.020, b; = 0.015 and b, = 0.085. The function fifik-

con is based on the Inferior Point algorithm [10]. Such a function minimj
strained non-linear functions.

The plot of function (4) with the obtained values of by, by, b, is!h Wi
The optimal values of w; and w, are gotten by using the partial derfvagi

with respect to w; and w,. Making equal to zero such de

meters specified for the
numerical experiments

ariables of functions

Wy opt = b1 =0.015m

) opt = bz = 0085 m

arameier

Units

Value

atives

Fig. 5 Plot of function (4) with optimal values of
bo, b; and b;

Table 2. Sets of independent variables considered
for the numerical experiments

Hp
Tsg
Tos
Zpini
dx,
dz,
oxy
vy
dzp
Hyp in

steps
Sec
sec

6

1

1
0.125
0.030
0.005
0.030
0.010
0.015

Experiment 1) Yps ) Ypa f(m)
(m) (m)
1 0.010 0.025 0.0241
2 0.010 0.030 0.0238
3 0.012 0.026 0.0208
4 0.013 0.028 0.0202
5 0.015 0.025 0.0229
6 0.015 0.030 0.0209
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Fig. 6 Paths of the ZMP obtained by using optimum
parameters of walking ()

Therefore, we have 8y, opr = 0.015m and 8y,4 ope = 0.085 &ues of
the independent variables which minimize the objective functi 11y we achieve

a
a simulation by using these values for displacements of the p. , in stwBle and double
support phases, in order to obtain the optimum path of't P e footprint of the
support foot during the walking. The obtained optimu s ard shown in Fig. 6 for
6 steps of walking, and a sample of postures of théyro ng the walking is pre-
sented in Fig. 7.

4 Conclusion \

obtain the values of parameters that optimize
the gait of the Bioloid ot during a rectilinear walking. The set of zero
moment points of the su got, corresponding to a step in the walking, is located
as close as ib er of the footprint of the support foot. Consequently,
obot is maximized during the walking.

Fig. 7 Simulation of one step for the optimum walking in Webots©
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pelvis, size of the steps, amount of rotations of the torso and the free foot, etc. This
feature of the walking pattern allows to identify the relevant parameters for optimiza-
tion of the gait. The study case presented in the paper shows the efficacy of the pro-
posed method. Indeed, by applying the obtained optimal parameters the greatest sta-
bility margin is obtained compared with those corresponding to sets of parameters in
Table 2.

In future work, an experimental validation of the results in this study will be accom-
plished. Besides, curvilinear paths and more parameters will be considered for optj
mization. In following curvilinear paths, and taking into account centrifugal fo
different optimal parameters will be required for lateral displacements of the pe
motions from the right to the left than those required from the 1ef6to thg
previously observed in a preliminar study [8].
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