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Abstract. The present report
andinvestigatesa model of the two-legs
wal king. The wal king apparatus i s simula-
ted by a heavy ri gi d body syppliedwith a
pair of multilink legs. The algorithm
for solving the problemof the two-1legs
wal king is composed. A nunber of the
problems on construction of the two-legs
wal king are solved and anal ysed within
the framework of the suggested algorithm,

suggest s

Today one of the actual problemis
to create the anthropomorphous |ocomo-
tion systems. | t appears the whole num
ber of investigations concerning to the
dynam cs and the control of the two-
| egs wal king [ |-8] This is a complex
problem which has a great number degrees
of freedom a specific character of con-
nections and controls. That is why the
different dynam cal models of the two-
| egs wal king suggested earlier (eventhe
simplest models) are very complex. |t
causesdi fficultiestoanalysetheprob-
lem.

Meanwhile the problem of the two-

l egs wal king as well as any problem of
dynam cs and control needs in a model
statement whichissufficientlyreaso-
nable to describe the principle effects
and peculiarities of the processes in-
vestigated. This model statement should
be also sufficiently simple to assume
an effective analysis.

The represented report describes
investigations carried out in this di-
rection. In a number of cases suggested
statements allowto obtainthe process
description in the analytical form
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They al so allowto give qualitative and
paranetrical analysis, and to construct
the effective and sinple algorithnms for
the numerical cal cul ations.

| . Let us sinulate the anthroponorphous
systemby neans of a heavy rigid body
(body-beam) which is supplied by a pair
of inponderable non-inertial multilink
| egs suspended i n one point of the body
(fig.l1). The contact of a legwth a
surface is point and the interaction of
the legw th the surface reduces to the
resultant force applied to the point of
the contact. In this case the algorithm
for the construction of the notion and
controls can be described by the follo-
W ng systemof equations:
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Here we designate: 2:(!) is a trajectory
of the body's fixed point which coinci-
des with a point of the leg suspensionj
.’?;/f)'é’:(f) are the trajectories (discre-
te set) of the standpoints for the legs
(a footstep trajectory). In this case ¥
refers to the leg going into the stage



of asupport, J# referstotheleg

going out of the stage of a support. The

process of the support transposition from

one leg to another one is described by
the arbitrary bunctionA{Z) which sa-
tisfies the conditions

Al)-0, Aft+F)=1 7)
where ¢ is the begi nning of a doubl e-

support phase of the nmotion and /4, #¢

I s the end of a doubl e-support phase of
the motion. < is a tensor of the body's
inertiainthe point of the | eg suspen-
sion,« is a vector of the imediate
angul ar vel ocity of the body, jo" s a
vector fixed i n the body fromthe point
of the | eg suspension i nto the center of
nass of the body; & isanassofthe
body; A is avector of agravity force,
/f is a sum vector of the reactions
applied in the points of the |eg suppor-
ting ("the vector of reaction"), A5 and
Fv are conponents of this vector-force
in each of the' supporting pointBi &’ is
a vector of control in the i-th joint of

the j-th leg, q’é‘ Is a trajectory of the
i-th joint of the j-th leg, £ is a
length of the i-th link of the leg. The

corresponding matrix function can be

I ntroduced i nstead of the scalar func-
tion Aft); and thereby it wdens a class
of the possible notions (equations (2)
wi || have sone different structure ffoj ) o
Al ternativly i f ve assune A=/ we shall
narrow a class of the notions up to the
si ngl e-support wal kings; in such wal -
kings there are no a stage of support on
two | egs. The single-support wal kings
are a class of thei notions which is a
boundary between t he ei gen-wal ki ng and
runni ng. Sequence of cal cul ations: the
functions of time, the required trajec-
tory of the point of the | eg suspension
and the footstep trajectory and A(?) ,
are given as explicit; equation (2) of
the angular nmotion is integrated and
anong a set of the possible solutions ve
sel ect ones which have the given proper-
ties (for exanple, the periodical solu-
tions); the forces of reactions are
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calcul ated by fornulae (3)-(4); the fun-
ction of tinme of the trajectory of the
leg joints are given as explicit and
sati sfyingconnections (6). According
to (5) the controls are calculated for-
mng the given notion.

Let us note that basic equations
(2) and (3) do not depend on the notion
of the leg joints (and depend only on the
footstep trajectory and the trajectory
of the suspension point). It represents
the different possibilities for the eye-
thesis of the controls providing the gi -
ven noti on.

2. A nuner of problens onthe construc-
tion of the two-1egs wal king are sol ved
and anal ysed in the franmework of the
described al gorithm

We call the walking confortable if
the point of the | eg suspensi on noves
uniformy and rectilinearly and regular
| f each coordinate of the footstep tra-
jectory is a step function obtaining the
equal increments in equal intervals of
tinme.

Let the wal king be confortable and
regul ar. Assune al so lfl:t? (the point of
the | eg suspension coincides with the
center of nass of the bean), and the beam
| s dynamcally symetrical. Then in vir-
tue of (1)-(6) we cone to the very sinple
nodel of the wal king. This nodes al | ows
t he conpl ete anal yti cal description: it
| s accurate in the plane case and appr o-
ximate (but high-accurate) inthe spati al
case. The angul ar noti ons of the body
are described by the three-paranmetric
famly of the periodical notions. It is
showninfig. 2. The angle 6 descri bes
the normalized oscil |l ati ons alongthe
course counted fromthe vertical Iine,
the angle ¥ describestheseoscillations
across the course. Factually, thetrajec-
tory of a "sumt" of the wal ker (upper
view) is shown here.

3. A any /[R/#0 the body vibrations
vhen t he systemnoves can be smal|l. Then
equations (2) allowlinearization. The



| i near problens also allowthe anal yti cal
solutions. So the problemon the confor-
tabl e motion by the steps and the incli-
ned plane has bheen solved. The body vib-
rations in this case are described in the
nodi fied Bessel functions (fig.3). The
shift of the average val ue of the body
inclination at the expense of the incli-
nation of the notion trajectory and the
footstep path is denonstrative.

4. The considered statenent allows effec-
tively to solve the manoeuvring problens
as well as the problem of notion on the
rugged terrain, the problemof adaptation
to the surface roughness and sone ot her
problens of control. The existance of the
free paraneters in the motion of the two-
| egs systens is very inportant. Such pa-
raneters are: the height of the point of
the | eg suspension, the supporting inter-
val (the distance fromthe supporting
point to the projection of the point of
the | eg suspension on the horizontal axis
| nt he nonent of change of t he supporting
leg). Fig. 4 illustrates an influence the
paraneter €, on the notion of the wal ker

(¢, s proportional to the supporting
interval). If&>-7 the apparatus wal ks
with body i nclination backwards on the
average, if @,=-74/ the apparatus vib-
rates on the average rel ative to the ver-
tical line, if @&, <-7 it inclines, on
the average, forth. The corresponding
possi bl e configurations of the wal ker at
the beginning and at the end of the half-
period (i.e. at the nonent of change of
t he supporting |l eg) are shown next to.
Thanks to the existence of the free
paraneters there i s sone possibilityto
optimze with respect to several of them
As an optimzed value we can choose, for
exanple, the work of the controlling no
nents during the corresponding angul ar
novings for the hal fperiod, i.e. during
one step. The dependence of work on the
val ue of the supporting segnent for the
pl ane nodel of the wal ker i s constructed
infig.5- It is seenthat at thefixed
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magni tudes of the remain paraneters there
exi sts sone optimal value S mnimzing
t he wor k.
5- The devel opnent of the descri bed nodel
| s an anal ogous nodel havi ng t he ponde-
rable legs. Inthis nodel the whole class
of the plane motions is studied in detail.
The algorithm is investigated which
gives the legs' Kinematics. It calculates
the motion of the point of the |eg sus-
pension. It construct theoscillational
body notion, the algorithmcal culates the
reactions and the controls providing the
ful filment of the stated | oconotional
problem On the whole the algorithmis
reduced to the solution of the boundary
val ue problemfor one differential equa-
tion of the second order (describing the
body vi bration) and to the follow ng
calculations by the finite fornulae. The
boundary val ue problem can be solved by
anal ytical way in the case of the small
body vi bration* thenthissolutionis
used as the first approximtion to solve
the nonlinear problem

The paranetrical analysis is obtai-
ned f or the body vi bration, for the cont-
rol by the supporting and bearable |egs,
for the forces of reactions at the diffe-
rent kinds of notions. For the plane
| inear problemal | motions and the acting
forces are obtained in the closed analy-
tical form

Fig. 6 illustrates the solutions
for the problemof walking (for three
types of walking) so called the "full"
wal king (1) symetrical nanwalking (11),
non-symretrical nan walking (I11). For
each type of wal king above we construct
thetrajectories of the represantabie
points corresponding to the supporting
and bearable legs on the plane of variab-
les o« B (« A are the angles which
are formed vertically by ahipanda shin).
I n the case of "full" walking the repre-
santabi e point corresponding to the sup-
porting | eg passes the are of ellipse
1-5-3 &nd the represantabie point corres-



pondingtothe bearable | eg passes the
arc of ellipse 1"-3"-5". lathe case of
the symmetrical man walking the repre-
aantable points corresponding to the
supporting and bearable legs pass one
and t he same arc 1-3-3 but inthe oppo-
sitedirections. Inthe case of the non-
symmetrical walking the represantable
point oscillatesalongthelimittedseg-
ment of the ellipsearc. Inall three
wal ki ngs the bearable | eg moves by
“dragging" on the surface. It is not a
matter of principle by the way. Below we
il lustrate the corresponding configura-
tion of the walker for the different no
ments of time. "Unnatural" motions of
the walker's [egs i nthe case of "full"
wal king are the analiticity fee of the
obtained solutions. Dependence of the
work on the period of motion is shownin
fig. 7for theindicatedtypes of wal-
kings (I, 0 1 , 1 1 1). Wecanseethat the
non-symmetrical wal kings are nore econo-
mical than symmetrical ones.

Pig. 8-12 illustrate some results
of solutions of the walking problems for
the plane nonlinear model; fig. 89 - for
the symmetrical mn walking, fig.10-12
for the non-symmetrical comfortable wal-
king. Pig. 8 showe the vertical component
of reaction in the point of the support
Ay depending on time (in the ha If pe-
riod). It should be noticed that Ry is
very close to the anal ogous component
obtained while studying the mn |ocomo-
tion. Pig. 9 shows the dependence of the
controlling moments i nthe joints on time
during one step. The controls in the sup-
porting leg is one an order more than in
the bearable leg. In this case the cont-
rols ina hip J-4 times more than the
controlsin a shin., Pig. 10 illustrates
a strong influence of value of the sup-
porting segment onthe value of work of

the inner forces. Depending on the value
S the work can almost 4 times be chan-
ged. Let us introduce the parameter *

which is equal to the relation of the

length of the supporting segment to the
step length. At the fixed length of the
step, for each pet of parameters there
exist @=¢ _ where the work is minimal
during one step. Dependence Q min 0D the
dimensionless value equal to the rela-
tion of the leg mass 0of the walker to the

whole mass of it is constructed in fig.II.
At the fixed step there exists the opti-
mal velocity of motion minimizing the
energetic input for the walker.
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