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ABSTRACT

The optimisation approach for designing of the rotational spring-damper actuators
providing the programmed goal-directed motion of a bipedal walking robot is proposed. The
problem is formulated as an approximation procedure for the controlling torques acting at the joints
of the robot during its optimal motion. Analysis of the obtained numerical results has shown that
the anthropomorphic energy-optimal goal-directed motion of the bipedal walking robot could be
generated by the rotational spring-damper actuators with one switching of each of their parameters

during the double step of the robot.

INTRODUCTION

The complexity of the structure
and the dynamical instability of the
gait of the bipedal walking robots
(BWR) make it very difficult to
understand the main features of their
control systems needed to provide the
goal-directed stable motion. A
number of mathematical models of
the bipedal locomotion systems with
different degrees of.complexity have
been proposed during last two decades
[1-11]. These models were used for
different purposes, e.g. to design the
anthropomorphic mechatronic
system (exoskeleton) [1], to study
human normal gait [3,8] and
pathological gait [8,9], to develop the
control systems for the BWR [1-7], etc.

Nevertheless, presently there is
not enough information about how
to create an effective control system of
the BWR, especially to provide its
extremal, e.g. time-optimal or energy-
optimal motion. What type of
controlling forces of the actuators are
required for these extremal controlled
motion of the robots?

The central idea of this paper is
that an effective control system of a

- .mobile robot can be designed based on

a combination of passive and active
controlling stimuli. The passive
actuators have to provide the
programmed goal-directed motion of
the robot. The active controlling
stimuli should be used for some other
aims, e.g. to solve the stabilisation
problem of motion of the robot.



The optimisation approach for
designing of the rotational spring-
damper actuators providing the
programmed goal-directed motion of
a bipedal walking robot is proposed.
The problem is formulated as the
approximation procedure of the
controlling torques acting at the joints
of the robot during its optimal
motion. This motion and respective
torques are determined by solution of
the optimal control problem for the
dynamical system modelling the
robot. In the optimal control problem
the objective function has been
chosen as the integral over a double
step of the sum of the absolute values
of the mechanical power of all
controlling torques acting at the joints
of the robot [5-7]. The restrictions on
the phase coordinates and the
controlling forces have been
generated based on experimental data
of human locomotion [8]. In order to
solve the nonlinear optimal control
problem an approach based on the
inverse dynamics method and the
Rosenbrock's algorithm has been
used [10].

Analysis of the obtained
numerical results has shown that the
anthropomorphic energy-optimal
goal-directed motion of the bipedal
walking robot could be generated by
the rotational spring-damper
actuators with one switching for each
of their parameters during the double
step of the robot.

MATHEMATICAL MODEL

The BWR under consideration
consists of an inertial torso with
weight and two identical legs (Fig.1).
Each leg consists of three elements.
The two elements with mass and

rotatory inertia model the thigh and
the shank, while a third massless and
inertia-free element models the foot.

Let the system OXYZ be a fixed
rectangular Cartesian coordinate
system. It is assumed that the robot
moves in the OXY plane along the OX
axis, over a horizontal surface.

In addition to the weight of the
torso, thighs and shanks, the external
forces acting on the BWR include the
interaction forces between the feet
and the surface, which are replaced by
the force Ri(¢) applied at the point of
the ankle joint Ai, and the moment
pi(t) that acts in the same joint (i=1,2).
The force Ri(¢) is the principal vector
of the plane system of reaction forces
of the support; pi(¢) is the principal
moment of the reaction forces of the
support, referred to the point of the
ankle joint. It is also assumed that the
control torques ¢i(t) and w(t) (i=1,2)
are acting at the hip H and knee Ki
joints, respectively.

O

Fig.1 Model of the Bipedal Walking Robot

The controlled motion of the
BWR can be described by the
Lagrange's equations of the second



kind and the kineto-static balance
conditions for the feet under the
action of the ankle moment and the
reaction of the support [7,9,10]:
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In the above expressions:
X,y W, o, P, v are the Cartesian
coordinates of the suspension point H
of the legs and the angles that specify
the position of the elements of the
BWR (Fig.1); m,r,J are the mass, the
distance from the suspension point of
the legs to the centre of mass and the
moment of inertia of the torso
relative to the Z axis at point H,
respectively; ma,r.,a,J. are the mass,
the distance from H to the centre of
mass, the length and the moment of
inertia of the thigh relative to the Z
axis at H, respectively; my,r,b,J, are
the mass, the distance from Ki to the
centre of mass, the length and the

moment of inertia of the shank
relative to the Z axis at the point Kij,
respectively; R.,R; are the horizontal
and vertical components of the force
R:(?); (xi,y:),(xri,yri) are the Cartesian
coordinates of the ankle joint and of
the point of application of the vector
Ri(t) of the i-th leg, respectively; g is
the acceleration due to gravity, and

the dot " " is a derivative with respect
to time.

STATEMENT OF THE PROBLEM

The object under consideration
is a nonlinear multidimensional
controlled dynamical system. The
problem of designing the passive
actuators is formulated as the
approximation procedure of the
controlling torques acting at the joints
of the robot during its energy-optimal
motion.

Let us describe some kinematic
characteristics of the typical gait of the
BWR before stating of the respective
optimal control problem.

We shall assume that there are
four phases of the leg action during a
double step of the robot (z €[0,7]): the
first double (z€[0,4]) and single
(te[t,n]) support phases, and the
second double (ze€[t,3]) and single
(t€[t;,T]) support phases [6-8]. This
rhythm of the double step of the robot
leads to the following kinematic
constraints:

ym()=0, r€[0,4]

yr2(t)=0, te[0,4] (2)

yn(l‘)=0, tE[t1,t3]
yu2 (1) =0, teltn,n]
yr2(1)=0, te[n,T]
yai(T) =0,

xm(t) = xin,
xr2(f) = x72,
le(t) = x?-n +1,
xp2(t) = xin + L,
XT2 (t) = xgz + 2L,
xm(T) = xin +2L,



where xpi,xf,0,0,6,T are  given
parameters; [ is the length of the foot,
L is the length of the single step;
(xwi,ym),(xri,yri) are the Cartesian
coordinates of the heel and toe of the
i-th leg, respectively. These
coordinates are determined by the
expressions (Fig.1):

xui(t) = xi —h cos(y: — @)

yui(t) = yi —hsin(y: — @)

x1i(2) = xi + L sin(y; — @)

yT[(t) =y — b COS( Yi— (p) (3)
xi(t) = x+asino; + bsin f;
yi(t)=y—acosa; —bcosf3;

p=arctan(h / b), h=AH;,L=AT
LHAT, =1/ 2.

Consider the
optimal control problem.
Problem A. It is required to determine
the state vector z(t) of the robot and
the vector of the controlling stimuli
u(t) which both satisfy the equations
of motion (1), the kinematic
constraints (2),(3), the boundary
conditions

following

z,(T) =1z.(0),
= {i,y,).’, v, l/./’af’di’ﬂi’ﬁi’ '}'i,j’,-}/

x(T)=x(0)+2L (4

the restrictions on the phase
coordinates and controlling stimuli

W)z h,
ym(t) >0,
yyz(l‘)>0, yrz(t)>0,
Ry(t1)=20, te€[0,T], i=12

xin S xp(t) <xin+1,  tel0,5]

xm(t) = JC)(L)“ +1, telt,b]

xr2(8) = xr5,  1€[0,14] )
N+ LS xp()<xt+L+1, te[t,T]
Y2(t)— P2(t) — /2 =04 (2),t €[0,T]
02(t) = Pa(t) = O2(2), t€[0,T]

oi(t)— y(t)=0,(),t€[0,T], i=12

te[0,T]
te[n,T]
teln,n]

ai(t) 2 Bi(t),
yri(t) >0,

Rox (1) = Ri: (),
Roy (1) = B3, (1),

t€[0,4]U[t:,1:]
te [O,tl]U[l‘z,l‘g,],

and which minimise the functional
[6,7,9,10]:
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|pi(B,— vi)llat.
The functions ©u.2,02,0,R,,Rs,,
(i=1,2) are given from the
experimental data of human
locomotion [8]. The boundary
conditions (4) and constraints

(2),(3),(5) are imposed on the phase
state and controlling stimuli of the
BWR with the aim to approach its
controlling motion to human gait as
close as possible.

The problem of designing the
rotational spring-damper actuators of
the BWR is formulated as follows.
Problem B. Let u(t) be the control
torque acting at some joint (u-joint) of
the leg during the energy-optimal
motion of the BWR. It is required to
determine the vector ¢&,, which
minimise the functional

o, = z[u -w(t, &)V dt, (7)

where

_du + @ () + ki (b,l ().t €[0,2,]
s + o @u (1) + k2 @, (1,1 €[, T
&y ={duj,cuis ks tus j = 1,2} (8)
p={g . @,p (1),i=12}.
In formulae (8): c,k, are the

torsional spring and damping
coefficients of the actuator acting at

the p-joint, respectively; q),l(t),qbu(t)



are the angle between the links
connected by the p-joint and the
corresponding angular velocity
during the energy-optimal motion of
the BWR; #,,0<1, <T is the time of
switching of the actuator's
parameters; d,; is determined by the
free angle of the spring and torsional
spring coefficient, (j=1,2).

The function (8) with the
vector &£, which minimise the
functional (7) will determine the
linear viscoelastic actuator of the u-
joint of the BWR.

RESULTS AND DISCUSSION

The proposed approach for the
design of the rotational spring-
damper actuators based control
system of the BWR requires the
solution of Problems A and B. The
algorithm of the numerical solution
of Problem A is developed [10] using
the special Fourier and spline
approximation of the independent
variable functions and inverse
dynamics method.

Below all numerical results are
presented for the following values of
the linear and mass-inertia
parameters of the BWR: m,r,J are
equal to 46.7 kg, 0.39 m and 7.1 kgm?2,
respectively; ma,r.,a,J, are equal to
7.08 kg, 0.16 m, 0.41 m and 0.082 kgm?2,
respectively; my,rs,b,J, are equal to
5.04 kg, 0.203 m, 0.5 m and 0.053 kgm?2,
respectively; 4=0.05 m, 5L=0.2 m.
These values of the parameters of the
BWR correspond to the respective
parameters of human body with total
mass M=73.2 kg and height of 1.76 m
[11].

Some results of the solution of
Problem A for the gait with natural

cadence (T=1.1196 s, L=0.755 m) [8] are
shown in Fig.2-10 (dashed curves).

Figure 2 shows the way in
which the knee angle
Ou()=ou(t)— Bi(t) of the leg of the
robot changes in time over a double
step for the obtained energetically
optimal law of motion.
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% of stride T

Fig.2 Knee angle O () , in degrees

The way in which the specific
horizontal component R (t)/M of the
support reaction varies (Fig.3, dashed
curve) indicates that in each single
step the support leg successively
executes two functions: deceleration
of the robot (time interval in which
R:(#)/M<0) and separation (time
interval in which R.(¢)/M>0). The
maximum value of the R ()
amounts to 20% of the entire weight
of the robot. The vertical component
of the support reaction (R,(t)/M,
Fig.4, dashed curve) exceeds the
weight of the robot by not more then
7%.
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Fig.3 Horizontal force Ri:(#)/M, in N/kg



% of stride T

Fig.4 Vertical force Ri,(t)/M, in N/kg

For comparison purposes in
Fig.2-4 the domains of the values of
the respective characteristics obtained
by experiments for human normal
gait are shown (the domains are
bounded by the solid curves) [8].

The analysis of these data and
all above mentioned indicate that the
kinematic and dynamic characteristics
of the obtained energy-optimal law of
motion of a BWR are within
reasonable proximity to the
corresponding characteristics of
human gait.

Figures 5-10 show the specific
control torques

) M,u;(t)] M, pi ()| M,i=1,2
(dashed curves) acting at the joints of

the legs during the energy-optimal
law of motion of the robot.

% of stride T

Fig.5 Hip torque ¢i () / M, in Nm/kg
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Fig.6 Hip torque ¢»(¢)/ M, in Nm/kg
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stimuli required for the energy-
optimal motion of the BWR can be
constructed with sufficient accuracy by
the torsional spring-damper actuators.
It is also can be noted that these

0 oam—— control stimuli quantitatively and
S0 100 qualitatively are within reasonable
11 ' proximity to the corresponding
% of stride T characteristics of human locomotion
. [8]. This is additional evidence of
Fig. 10 Ankle torque p(#)/ M, in Nm/kg fruitfulness of the proposed approach

_ for modelling of bipedal walking.

The solution of Problem B, that The analysis of the data of Table
is the vectors shows that within the framework of
&y ={dy,cuik,tu,j=12}, for these our assumption the spring
optimal control torques are coefficients of the designed energy-
determined by data of the Table. optimal actuators are one-two order

The graphic dependencies of of magnitude larger then the
the viscoelastic approximation of the damping coefficients. The stiffness
controlled torques for the energy- parameters of the actuators of ankles
optimal motion of BWR are depicted joints of the BWR are the greatest and
in Figures 5-10 (solid curves). are approximately 2-3 times greater

The analysis of these graphic then those of the actuators of hip
dependencies shows that the control joints.

Table
Torsional spring (Nm/rad) and damping (Nms/rad) coefficients of the actuators

and time (%T) of their switching

gOIM  @®OIM  w@®I/M  w@)/M  p®IM p) M

Cul 1.821 2.249 3.361 2.991 5.361 5.224

kus 0.180 0.103 0.048 0.090 0.082 0.003

dp -0.013 0.059 -0.745 -0.553 0.289 0.248

Cu2 0.886 1.482 0.319 0.336 3411 1.835

kua 0.003 0.049 0.011 0.002 0.002 0.066

dy2 0 0 0 0 0 0

Iy 48 46 44 46 36 36

CONCLUSION of freedom. Taking into account the
obtained results the following

In this paper the analysis of the conclusions can be drawn.

goal-directed motion of the BWR is The proposed optimisation

based on the solution of energy- approach for designing of the

optimal control problem for a plane rotational spring-damper actuators

multibody system with nine degrees



based control system of a BWR is
fruitful.

The anthropomorphic energy-
optimal motion of the BWR could be
generated by the rotational spring-
damper actuators with one switching
for each of their parameters during
the double step of the robot.
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