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Abstract

This paper deals with an approach to carry out the
transitions of a walking robot. A set of elementary
transformations is proposed to modify the locomotion
parameters allowing to obtain various kinds of walks.
Some simulation results are finally given.

1 Introduction

The problem of dynamic locomotion and gait genera-
tion for biped robots has been studied theoretically and
experimentally by many researchers with different ap-
proaches. Mc Geer built simple mechanical devices to
demonstrate the use of passive dynamics where natu-
ral gaits are generated by passive interaction of gravity,
inertia anf friction with ground [1]. Based on the idea
of Mc Geer, Goswami and Espiau have theoretically
studied dynamics of compass device and its limit cycles
and showed the passive chaotic walk of the compass
on an inclined surface [2]. Raibert and al have devel-
opped passive hopping and running machines, which
require little energy expenditure and simplified control
[3]. Hodgins describes algorithms for generating sim-
ple biped run-to-walk and walk-to-run transitions for
a simple biped device [4]. Formal’sky shows the weak
energy consumption of impulsive control to generate
ballistic motions of an anthropomorphic biped {5]. Gr-
ishin divides the step cycle into time intervals to design
the periodic nominal regime of two experimental biped
systems. Kinematic variables were computed as time
polynomials of the fifth or fourth order. The choice of
the boundary values permits to determine the coeffi-
cients of all polynomials {6]. Kajita and Tani use the
linear inverted pendulum mode to control biped walk-
ing on a rugged terrain by assuming an ideal model
with massless legs, which moves on a straight line and
rotates at a constant angular velocity [7]. Searchers of
Waseda University have developped several anthropo-
morphic robots able to walk dynamically by using con-
trol method based on the ZMP (zero-moment-point)
[8]. The approach of ZMP was theoretically studied
and established by Vukobratovic [9] .
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The problem of motion generation for biped walking
robots has been the subject of much research. How-
ever, the transition from a slowly walking mode to a
faster one (and the reverse process) for an anthropo-
morphic robot has not been yet studied.

This paper presents a method to produce various
types of walking bipeds gaits and transitions based on
elementary transformations of a reference locomotion
cycle. In the second section, we exhibit the approach
of reference cycle and the way to reproduce it. In the
third section, we propose a set of elementary transfor-
mations to modify the reference cycle. Futhermore, the
method to generate a transition from a given walking
mode to another is described. In the fourth section,
some results are given concerning the transition from
slowly to faster walking and the inverse process for dif-
ferent walking modes. Some conclusions and further
developments are exposed in the last section.

2 Reference gait generation

Our aim is to carry out a stable nominal walking
regime for an anthropomorphic biped model. In or-
der to reach several stable cycles as near as possible of
human walking regimes, we have to establish a para-
metric formulation of the locomotion cycle. This para-
metric formulation is based on biomechanical studies
which give on one hand the average geometry and mass
distribution of a standard human and on the other
hand statistical data of all joint angles during a steady
walk on a horizontal plane.

It should be noted that the time evolution of the an-
kles positions (z;(t), y;(t));=1,2 relatively to the body
frame R4 (fig. 1) is the major factor on producing the
velocity of the structure in a plane defined by gravity
and direction of displacement. Indeed, the time evolu-
tion of these parameters fixes the frequency, the time
delay between the two legs and the step lengths of the
walking device.

Using the forward kinematics of a leg, these positions
are computed as functions of the hip and knee angles
values (qhipj s an,ee,)jzl,2~
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The reference walking cycle y; = f(x;) of the ankle
position relatively to the body is then obtained (fig. 2).
The set of variables which give the positions and ori-
entations of the two ankles is Var = {r;, 45, ¢;}j=(1,2)-

Figure 1: Parameters used for the simulation.

In order to reproduce the biped global motion, we
have to approximate the recorded time evolution of
these parameters satisfying the following conditions :

(i) the local extremas, which fix the motion ampli-
tudes, have to be kept Yu € Var.

(ii) the acceleration for each variable has to be con-
tinuous.

(iii) the maximal jerk of each variable has to be
minimized.

To achieve this aim, we use time polynomials func-
tions of the 5th order to approximate each variable u €
Var [6]. The locomotion cycle is divided into several
time intervals for each variable : T. = g2, [t} th ).
where T, is the cycle duration and n, the number of
intervals for the u variable in set Var. Coefficients of
the polynomials can be thus computed as analytical
functions of the boundary values :

Vu € Var, 1 <k <n,, 3Ps(t) /

Ps(ti) = pa Ps(te+1) = ps
Ps(tk) =va Ps(teyr) = vf

P5(ik) = ay P5(tk+1) = ay

where (pa.ps), (va,vs) and {aq, ay) are respectively
the boundary conditions for positions, velocities and
accelerations on the limits of each interval.

The general form of the polynomial function Ps is
the following :

P5(t) = Z?:O Aﬂz with 4; = fl (pd, Pf,Vd, Vg, dq, (Lf)

An iterative procedure permits us to choose good
boundary conditions for acceleration minimizing the

maximal jerk. As an example, the results obtained for
the ankle acceleration joint is given with different time
polynomials functions : 3rd order, 5th order with 0-
acceleration boundary conditions, 5th order with near
optimizing boundary conditions (fig. 3).

By using cond (i) points A,B,D,EF of the loco-
motion cycle are obtained (fig. 2). However, a set
of tests have been carried out showing that these
points are not sufficient to obtain a good approxima-
tion of the locomotion cycle. For symmetry reasons,
we choose points that occur at instant ¢; and for which
y; (t1) = y;(te) with 2;(tx) = 0. This gives points A’
and D’. The locomotion cycle approximation becomes
thus accurate. Thanks to the inverse dynamic model
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Figure 2:

Figure 3: Ankle joint accelerations.

and by using a multibody dynamic software package
called SDS !, it is possible to simulate the walk of
the biped robot for a given regime. This allows to
analyse the nominal regime by observing the neces-
sary joint torques, the contact forces and the body
angular and linear acceleration. The inverse dynamic
mode] requires joints positions, velocities and acceler-
ations (ankle, knee, hip, shoulder and elbow). As it
was shown, the polynomial approximation gives the
positions x4.(t) = {z;(t),y;(t)} and orientations of
the ankles {¢;(t)} and their derivatives {ag;(t),4;(t)},

1SDS is a trademark of Solid Dynamics
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{&g;(t), ¢;(t)} for the two legs (j = 1,2). Hip and knee
joint positions qg].(t) = {qhipj(t,)‘qk“esj(t)} and their
derivatives q'gj(i), c'jgj(i) (7 = 1,2) are obtained by us-
ing the inverse explicit kinematics models of the struc-
ture (with two rotary joints) for the two legs (7 = 1,2):

(Igj(i') = F_l('”gj(l))
’Jgj(t) = G%(l'gj(t)v“&gj(i))
(1) = G2g (1), g (0,4 (1))

F~! gives the relation between joint position of the
knee and hip, and cartesian positions of the ankle rel-
atively to the body reference R4. G' and G* are the
explicit inverse kinematic models of the first and sec-
ond order. For the shoulder and the elbow, we can
use the same process as for the hip and the knee but
some biomechanical observations of the walk indicate
that motions of the arms are synchronized with the
motions of the legs [10]. So, we choose the following
law for the shoulder joint positions:

(Ish(t) = (12}7, + I\VyS(Ioleip(t)

where g%, is an offset depending on the inclination of
the trunk relatively to the ground, ¢op_nip 15 the angle
of the opposed hip and K a scaling factor.

The elbow is considered as a passive joint with a
rotary spring-damper. This leads to obtain the joint
torque Tepp:

Tetn(t) = k[0, — qern(t)] — prdess(t)

where k and p are spring and damper coefficients, qub
is an equilibrium position of the elbow.

The foot/ground interaction is introduced in the in-
verse dynamic model as a compliant and distributed
model [11]. This model is based on a set of spring-
dampers elements which permit to avoid the closed
loops considerations and the limitative assumption of
a single contact point geometrically invariant during
the contact time.

In the next section, we propose a set of elementary
transformations, which permit to modify the locomo-
tion cycle and to obtain an infinite number of various
walking types allowing us to carry out the transitions
simulations.

3 Transition between two walk-
ing modes

The proposed transformations of the locomotion cycle
are based on the assumption that the motions obtained
for a given walking regime for a given structure can be
extended to others new regimes. These transforma-
tions concern the spatial and temporal variations of
the locomotion parameters.

3.1 Spatial transformations

a) Translation of the locomotion cycle (7): The
locomotion cycle is translated according to the body
frame R4 (fig. 1) by using a simple transformation
which gives the new ankle positions {(j = 1,2) :

T ()= Gy

where 7,7 and Tyj are the translation parameters.
Several translations of the cycle are given in fig. 4.

yexts ()

xeaxis (m)

Figure 4: Translation of the walking cycle.

b) Rotation (R): In this case, a rotation of the

cycle according to the body frame origin A (fig. 1) is
obtained by the following relation for each leg :

()= (5 2 ()

where f3; is the rotation angle around the vector ZA.
c¢) Compression and Extension: The locomotion
cycle is characterized by a reference height H,.f and a
reference length L.y of the step given by the following
relations (fig. 2):

{ Lref =Tra—IpD
Hies =ye — yB

Changing the step length L or/and height H leads
to a new set of boundary conditions for the ankle posi-
itons (z;(t), y;(t)). This transformation can be defined
as a homothetic one according to a reference point
called cyclo-center C of the locomotion cycle. The
cyclo-center coordinates (z., y.) in the body frame R4,
can be chosen anywhere until the resulting cycle is still
in leg reachable workspace. The length transformation
of the boundary conditions are the following :

k() kG LY J

] = (r,j LLC)I‘M} + xe
g, - pkin) _ ok LY
Spo ] =Tir-,
k(n) _ A.L; l/]
z; =T Lyey
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The height transformation Sy is obtained by replac-
ing in the previous relations x by y. L by H and Ly ¢
by f],v,,f.

Some examples of these transformations are given
for a cyclo-center placed on B (bottomn of the trajectory

(fig. 2)) (fig.5).

49 =

.95 -

y-azs (m)

Figure 5: Compression-Extension of the length and
height of the walking cycle centered on point B.

3.2 Temporal transformations

a) Time Coordination between legs (D) : For
the nominal walking regime, the motions of the two
legs can be considered as the same except a time de-
lay. A large set of coordinations between the legs
can be obtained by changing this offset. The delay-
transformations D is given (for j = 1,2) by :
.l‘;b(t) = .l‘j(t — {{Pr)
D:g a"(t) =a;(t -t )
£7() = &5t — 1)

where t'&», is the time delay for the variable x;. The
same transformations are applied to y; and ¢;. Several
time delay can be used. For instance, we can observe
a limping phenomenon by choosing an asymmetrical
coordination.

b) Compression and Extension (C) : It is pos-
sible to accelerate or decelerate all the motions of the
walking robot by changing the cycle duration 7. Let
a:;-”(t),y](l)(t),q](-”(t) (7 = 1,2) be the ankle parame-
ters for a unitary reference cycle (duration of 1s). The
new parameters of the cycle (duration 7,) are obtained
(for j = 1,2) by the relations :

n _ ()t
L (t) = x; (777)
» (1)
( Tjn(f):,;—g.lj (:[%)
1}
r;"(t) = 7,1_,2-7’5 /(',I:I)

The same transformations are applied to y; and ¢;.
3.3 Transition

In order to carry out transitions, we have to com-
pose the previous defined elementary transformations

(T.R,8;,.8u,D,C) in the following way :

2 (t) ) ( z;i(t) )
J = CoDoToR J
( y; (t) y;(t)
The S;, and Sy transformations are used in the com-
putation of the boundary conditions.
The composition of elementary transformations al-
lows us to determine the minimal set of locomotion pa-

rameters which control the locomotion process. This
set is the following :

P={TJ, @t t, .t H LT, T/ ey’ }j=1,

All the previous parameters can be changed during
the simulation as functions of the desired behaviour of
the biped robot.

For instance, if we want to do a transition between
a stable walking regime to another, we choose, first
of all, by an iterative analysis, the good parameters
for the first regime, and then for the second regime.
In order to simulate the transition between the two
walking modes, we can fix a set of parameters before
an instant t;, a set of parameters after an instant o,
and ensure the transition during the interval [¢1, 5] by
a simple linear interpolation for each variable p; € P.

4 Results

We give here some results obtained with our set of
elementary transformations. Three applications ex-
amples are shown. The duration of the three sim-
ulations is 15 s. Acceleration and quick accelera-
tion of the walk can be obtained with the operators
{C,R,D}. Deceleration is carried out with the opera-
tors {R,S.,8u,T,D}.

4.1 Acceleration

The first application is an acceleration of the walking
process with a smooth variation of the locomotion pa-
rameters T, 3 and t,. During the simulation the time
coordination are the following :

SRS TS RS R

lo, =t,, =t, =1t,=0
2 _ 42 _ 42 _ 42 T
tor =tp, =tp, =ty =7

before transition (¢ < ¢; = 5.4s) : T, = 1.15s and
3 = 0.2rad; after transition (t > t; = 9.4s) : T, = 0.9s
and 3 = 0.3rad. During transition these three param-
eters vary linearly versus time. The others locomotion
parameters stay the same during the simulation for the
both legs : L =0.7m H =0.16m 1T, =1, = 0.

The pitch angle, vertical position of the gravity cen-
ter and velocity of the robot are given in (fig. 6). We
can clearly observe the two regimes and the transition
period between them. The ground normal reaction
forces are given in (fig. 7). In the first part, except
at the instant of impact, the shapes of the curves are
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stmilar as those recorded for a real human being. Fur-
therimore, we can observe the step frequency, which in-
creases versus time. Some snapshots of the simulation
are shown on (fig. 8). Fuarthermore, the piteh angle
decreases during the transition period and then stay

stable with a more unportant oscillation frequency.
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Figure 6: Smooth acceleration of the walking process
(t; = 5.4s and t2 = 9.4s) by decreasing the cycle du-
ration (from T, = 1.15s to T, = 0.9s).
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Figure 7: Normal forces exerted by the ground on the
feet for the smooth acceleration (28 steps).

4.2 Quick acceleration

The second application is an acceleration of the walk-
ing process with a quick variation (% s) of the loco-

motion parameters T, 8 and t,. Alll0 the locomotion
parameters are the same as the previous simulation,
but the time interval of transition is strongly reduced

t; = 5.4s and {3 = 5.425. The pitch angle, verti-
cal position of the gravity center and velocity of the
robot are given in (fig. 9). The second walking regime
is reached in a shorter time than the previous simula-
tion but not instantaneously. The dynamics inertia of
the system implies a longer transition as the desired
one. Furthermore, the pitch angle frequency greatly
increases at the transition period and then decreases.
It should be noted that there is no feedback control and
that the obtained cycles are intrinsically dynamically
stable for our walking biped model.

Figure 8: Normal walking locomotion process.
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Figure 9: Quick acceleration of the walking process
(t1 = b5.4s and t, = 5.42s) by decreasing the cycle
duration (from T. = 1.25 to 7. = 0.9).

4.3 Deceleration

In the third application, we want to decelerate the lo-
comotion cycle by shortening the step length and to
obtain a new gait. The varying parameters are the fol-
lowing : before transition (¢ < ¢; = 5.4s) : L = 0.7m,
H = 0.16m, B = 0.2rad, T, = 0; after transition
(t>t2=94s): L =0.64dm, H = 0.18m, 8 = 0.28rad,
T = —0.2m.

The others locomotion parameters stay the same
during the simulation : 7, = 1.15s t}, = 0, t2 = L[,
Ty =0, 20 = xeo = —0.02m, yey = yey = —1.024m.

The pitch angle, vertical position of the gravity cen-
ter and velocity of the robot are given in (fig. 10). We
can clearly observe the two regimes and the transition
period between them. Some snapshots of the simula-
tion for the new gait are shown on (fig. 11).

1396



pusition of the gravity center.
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Figure 10: Deceleration of the walking process ({; =
5.4s and t5 = 9.4s) by decreasing the step length.

5 Conclusions and further de-
velopments

We have explained a method to generate the nomi-
nal regime of a walking robot based on statistical data
concerning the joint angles during a steady walking
of a human being. We have shown that a set of ele-
mentary spatial and temporal transformations of the
locomotion parameters enables us to modify the typ-
ical walking cycle and obtain new gaits for the walk-
ing robot. Finally, some results about transitions were
given showing the feasability to accelerate or decelerate
the locomotion cycle and to obtain new stable walking
regimes.

The further developments are to establish, thanks
to the elementary transformations, the transition be-
tween walking and running for an anthropomorphic
walking robot. Since the mechanical structure and the
gaits are completely defined by parameters, an opti-
mization of both the locomotion and structural pa-
rameters is clearly possible.
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