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Abstract: Distribution of reaction forces from the supports of the legs is one of the important problems
that must be resolved to organize movements on land legs walking robots with relief complicated. Some
robot foot soles have curved front and rear ends, when the foot soles land on or are lifted off the terrain,
they are in linear contact with the terrain. Feet walking robots in general, particularly those bipedal
must be such that they can move with a uniform speed and also quickly, similar to human walking. If feet
are not appropriate forms which adapt to uneven terrain, they are not able to apply the necessary driving
forces of land movement, resulting in a high enough reaction force from the land. The paper relates some
particularities and the optimum design possibilities of the foot soles shape and presents a method of re-
ducing the consumed energy by the walking robot while shifting.
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1. INTRODUCTION Another possibility consists in balancing the plat-
form’s and legs elements gravitational forces usitagic
balancing systems. These systems are attached tegh
mechanisms and take action only in the supportgzhak
the legs.

Only under such circumstances the energy consump-
tion is minimum.

In the case the modular walking robot is shiftinga
variable speed, on a surface which is not evenhand
zontal, which contains obstacles, the energy copsom
Has a larger value.

Even in this case energy saving is also achieved, b
the effects of the optimum dimensions of the legs m
chanisms and of the static balancing systems aaflesn

Considering the fact that the energy source igifixe
the robot’s platform, the dimensions of the legsham-
isms’ elements are calculated using a multicriticpli-
mization proceeding, which includes several retitnis.
The objective function may express:

« the mechanical work needed for shifting the platfor

The modular walking robots [MERO] represent a
special category of robots, characterized by hatirey
power source and technological equipments embarked
the platform which can be transported on not amdng
horizontal and rough terrain.

Platform’s weight force is distributed on each lag
the support phase at that particular moment, depgnd
on the platform’s weight centre position.

For this reason there is an obvious dependence b
tween the robot’s energy consumption and it's sigft
autonomy.

Energetic consumption of the walking robot can be
seen as made of two main parts:

» the mechanical worthe robot needs for shifting ;
» the mechanical workrequired for sustaining the plat-
form at a given height in the gravitational field.

Both the optimization of the legs elements cinemati
dimensions and designing of the static balancirsgesys
are done under the hypothesis that the robot stiftan )

. : by one step ;
even horizontal surface, without obstacles, atemadst . . .
. : « maximum moving forcéor the leg mechanism;
speed and taking into account a certain form ofsleg . . e
. . , . . « the maximum power required for shifting .
support pointrajectory, in comparison with the platform. o : .
L A . These objective functions can be considered separat

Considering this division, the drop in the energp-c )

. S o . ly or simultaneously.
sumption consists in designing the legs mechanigprs
timally, the objective function being the one whiek-
presses the mechanical work done for shifting tieot
by a step. At the “Politehnica” University of Bucharest seviera
models of MERO (MEchanism RObot) modular walking
" Corresponding author: _Splaiul Independentei 313tose6, robots were developed [4, 6, 7, and 8].
E;‘fggﬁsg’zgggg“z’ Romania These walking robots have three or more modules
Fax: 0214029373 (bipedal walking robots) Figs. 3 and 4. Each leghaf
E-mailioni51@yahoo.com (1. lon) bipedal walking robots has three degrees o freedom.

2. FEET PROBLEM SOF ROBOTSWALKING
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Biped robot module is part of the modular walking
robots.

Feet walking robots in general, particularly thdée
pezi must be such that they can move with a unifanch
went quickly, similar to human walking.

Land moving biped robot may not be flat and hori-

zontal, and may have irregularities.

Biped robot module is desirable to have suitabé fe
walking on any surface.

If feet are not appropriate forms which adapt te un
even terrain, they are not able to apply the necgss
driving forces of land movement, resulting in a hig
enough reaction force from the land.

It is impossible to precisely control the positiand
direction of advance, the robot is false steps lom t
ground and prevents.

When foot bipedal modules of walking robots are

placed on the ground, she suffers a shock moress |
powerful because the ground reaction force. Thelsho
damping is required in order to transmit the nemgss
forces to land in order to maintain the desiredtjmrsof
the robot body and to achieve its verticality cohtron-
sistent regular stepping movements of legs.
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One can imagine a limit situation in which a biped
robot runs, there are time periods when both feetim
the transfer phase.

Control system operation stability of bipedal watki
robots may include a visual sensor, a sensor exgi@ln
and necessarily, sensors for measuring the angles b
tween adjacent elements of kinematic.

Feet associated sensors must be able to detect the
shape of an object that is trampled or irregulesitiand
as bipedal robot is obliged to step into the sapaees as
man and there are many similar objects with a gtep
shold, a cylindrical rod or other objects irregudarfaces
that can seat base.

Foot pad structure of walking robots in generabj-a
pedal module of walking robots in particular, madapt
to small surface irregularities on the ground mgvin

This structure allows the reaction forces to bagra
mitted smoothly between feet and ground, so thetrob
can be controlled the position and direction of¢ta

Foot has one cylindrical surface, arranged at each
of it.

So this area should form such that bipedal movesnent
to make the acceleration as small forces or momemets

Some bipezi module walking robots have curved feeineeded as low propulsion engines.

in front of corresponding ‘fingertips, and in thack for
the "heel".

But curves feet from the front and rear, make bibed
robot to be unstable when kept at rest and starafiriys
feet, since it reduces the surface of the soleaohédoot,
which is in contact with the ground.

When such a foot base sits on land or on landgis, hi
there is a theoretical linear foot contact with greund.

If the land surface is horizontal, touch base wiitle
ground is unstable.

Even if the ground is horizontal, actual contacthwi
the ground pad is a rectangular area around a neery
row width foot long foot.

As a result, the foot rotation occurs around aicairt
axis, since there is cause instability and foot mwainpro-
duce a force strong enough to oppose big time.

Walking robots can therefore deviate from the direc
tion set to advance and move in an unexpectedtitinec

The stability of a bipedal module of the walking ro
bots at rest is very important.

Modular walking robots equipped with so feet can
walk evenly and quickly, and - also - with an irased
efficiency of energy transfer phase leg, in a wiayilar
to human walking.

It is preferable that the generators are facingexr
surfaces in the transverse direction, normal divacof
advance.

With this arrangement, stable walking robots can
walk even when the foot is placed in different fiosis
on the ground. Foot structure may include an eldagier
applied over the surface of the base curve.

This layer absorbs the shocks that occur when isase
placed on the ground, resulting in went very smiyoth
Elastic layer must first be deformed in proportionap-
plied load, then deflection to be nonlinear.

These two features elastic layer absorbs shocks ari
ing best foot to put on the ground and allow theebt
be able to adapt well to any kind of land areactueve a
stable gait.

Foot structure can include at least one projediisn

While a bipedal module of the walking robots is at cated at one end of the foot (front or back). Ritiges

rest, is not desirable in terms of energy savings as
drive motors are supplied with energy, so alway&édyat
locked.

But an interruption of power supply to engine damag
ing static stability of the robot.

Some problems of stability during bipedal walking
robots stepping movement are further analyzed.

Modular walking robots stability of quadruped con-
structive variant is much better than the stabiityiped
robot module, because the ratio between the sizbeof
support polygon [8 and 10] and height of centegraivi-
ty of the robot in its entirety is much higher thanthe
biped robot quadruped.

are deformable or rigid and mobile, they can moidie
and outside the base.

This solution design compensates to some extent re-
duce the static stability of the robot due to ctuve
"peak" and "heel", but allows him to walk evenlydan
have a stable position when at rest.

The role of these projections is to create a suppor
contour with the largest possible area.

Projection can be made from an elastic material tha
deforms under the action tasks, or a rigid materral
which case it is retractable to the lower surfatehe
base when pressed to the ground reaction force.

These projections also help cushion to absorb shock

Moreover, there are unavoidable period of time thatthat occur when the foot is resting on the flooathieve

bipedal robot is based on a single leg during stepp

a stable gait.
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Fig. 2. The cross section through fddt, 9].

But command and control the relative movements of
the three components of each leg of the biped rabot
facilitated by the use of human-like feet, whichvéna
ends, front and rear, made in the form of convdiney
drical surfaces (Fig.2).

With these shoes, bipedal robot moving uniformly,
without changes in forward speed sensitive.

Cylindrical shapes of these surfaces is such tlat m
ments of maximum engine driving couplers, phase sup
port is as small and movement is as uniform, wahas
tions as low speeds.

Figure 2 presents a cross section through the ™foot
foot, made with a vertical and parallel to the diien of
advance.

Foot has compose a force sensor (9) six axes,@lace
under the rotating element (10) for measuring three
dimensional componentsx, Fy and Fz of the reaction
force componentsix, My, Mz of the moment reaction.

By foot it is determined whether or not in contact
with the ground and if it is in contact, which letsize
and direction of loading.

Foot has a frame (11) shaped boat, made of a rigid
material, resistant and easily positioned underftinee
sensor (9).

Framework (11) has a central flat bottom surfage (a
a corresponding portion of the fingertips (b) lechiat
the front end of the base and a "heel" (c) locaiethe
rear.

Elastic layers (12) and (13), made of rubber oeoth
elastic material with appropriate stiffness, araegl to
"tip" (b) and the "heel" (c) and are designed teaab or
cushion the shock produced to put foot on land, @nd
low the foot to adapt to the terrain surface irtagties.

Elastic layers (12) and (13) cover portions of ¢hre
regions corresponding to the base support leg.

Fig. 1. Scheme of the biped robot module part of the meadul
walking robots

Foot pad structure includes projections requirei-add
tional springs designed to hold the position, whish
retractable by compression springs, in responsé-to
creased loading.

Foot may have more projections aligned in the trans
verse direction, normal direction of advance. lotaer
constructive option, projections are driven fromwpgo
system of the robot drive means being such as teemo
projections inside and outside "peak" and "heel".

Such a robot can walk faster with a uniform and eff
cient use of energy, and when at rest, maintaitalbles
position.

In Fig. 1 is outlined a bipedal module of walkiray r
bots [4], whose legs are formed each a "thigh" &),
"shank" (5) and a "foot" (8), connected to the bty
The two legs are identical and symmetrical bodg &%).
"Laba" (8) of the foot is connected to the "leg") (5
through a kinematic chain composed of elementsu(6)
(7), connected by rotating couplers E, F and G with
two perpendicular axes.

This kinematic chain ankle is simulating human foot
Similarly, the "thigh" (4) is connected to the body the
kinematic chain composed of elements (2) and (8) an
joints A, B and C, which simulates human leg him{o
"Thigh" is linked to the "leg" through joint kinemias D.

All seven joints of each foot is leading.
Leg mechanism, the general shape space (Fig. %), ha
seven degrees of the transfer phase and suppase,pha
when ground contact is the "tip" or "heel" feet. Legs walking robots generally of the bipedal in-par

When foot rests on the soil surface, the mechanismicular, must be such that they can move with & gai
has only one leg mobility. On the straight, kineimat smooth and quick, similar to human walking.
couplings A, B, F and G, whose axes are contaihed t The current conventional bipedal robot is rathesrpo
plane in which the body moves (1), "thigh" (4) 'ft4b) and cannot move evenly and quickly in all condision

3. ANTHROPOMORPHIC FORMSFLAT FEET
OPTIMIZATION OF MODULAR WALKING
ROBOTS

and "foot" (8) are operated leg. like a man.
Therefore, in this particular case, the mechanisgn | The feet of the walking robots in general, the nmiadu
is flat and has only three degrees of phase transfe walking robots especially (Figs. 3 and 4) [4 andri]st

Leg movement’s elements necessary for makingbe build so that the robots are able to move witbbath
stepping can be done and where the base surfélaé is and quick gait [4].
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In other words, an unknown must be specified irres-
pective of the coordinates of the center of the pain
consequence, the foot (3) always may step on the la
with the flat surface of the sole.

The module body may be moved with respect to the
terrain without the changing of foot (3) position.

This walking possibility is not similarly with huma
walking and may be achieved only if the velocitydan
acceleration of the robot body is small.

In general, the foot can be support on the land bot
with the flat surface and the curved front and erats.

The plane surface of the sole and the cylindrical s

Leg in support phase_— _, face of the front end are tangent along of the gerig R
& (Fig. 5).
In the plane of motion, the position of the gendxat
Fig. 3. Scheme of the modular walking robot MERQ. [4 R with respect to the mobile coordinate axes system
given by the coordinate’Sag, Yar.
i T The size of the flat surface of the foot, i.e. pusi-
j == tion of the generatriR, is determined in terms of allow-
e, ""::. = able pressure on the terrain.

—
=g

The curve directories of the cylindrical surfacettod
front end is defined by the parametrical equatiogs:

hﬁ_' 3 "% x3(A), ya = ys(A), with respect to the mobile coordinate

i - axes system attached to this element.
The generatrix in which the plane surface of that fo
& is tangent with the cylindrical surface of the fremd is
' : positioned by the parametly: Xzr = Xa(Ao), Yar = Ya(Ao)-
3.1. Kinematics Analysis of the Leg M echanism
Fig. 4. MERO modular walking robot In the support phase, when the flat surface ofdbée

computer graphics [67]. is in contact with the terrain (Fig.&, the analysis equa-
tions are:

Xa + AB cosp; + BC cosp, —S=0;

moving Ya + AB sing; + BC sing, —Xar = 0. (1)

-
direction

The system is indeterminate because contains three

Y
unknowns, namely;, ¢, andS. In order to solve it, the
value of an unknown must be imposed, for exampde th
C angle ¢;. It is considered as known the position of the
pair axisA. In this hypothesis, the solutions of the system
O T R/ X (1) are:
2 __ _ _ H 2
Fig. 5. Kinematics scheme of the an anthropomorphous leg. b, = arccos\/BC (X5 BYé ABsing,) :
In a simplified form, the leg of a modular walkingr o, = arcsin = =Y, - ABsin¢,
bot is build by three members [4] (Fig. 5), namiligh 2 ' BC '

(1), shank (2) and foot (3). All of the joint axa® paral-
lel with the support plane of the land.

The modular robot foot soles have curved front and
rear ends, corresponding to the toes tip and tchéed

S=BC? (%, -Y, - ABsing,)* .

The coordinates of the tangent pokithave the ex-

respectively. pressions:
If the position of the axis of the palris defined with Xg = X +yBC? ~(x3g — Ya - ABSINg;) + yar -
respect to the fixed coordinate axes system fadtene Y= 0.
the support plane, the leg mechanism has a dedree o
freedom in the support phase and three degreeeef fr In the end of the support phase, when the confact o
dom in the transfer phase. the foot with the land is made along the generattich

Therefore, the angles;, andg, (Fig. 6) and the dis- passes through tHe point (Fig. 6b), the analysis equa-
tanceS, which defines the positions of the leg elements,tions are:

cannot be calculated only in term of the coordisate
Ya. Yp+ AB Sir¢1 +BC Sirq)z +CP Sin(¢3+ U) = Yp;



I. lon et al. / Proceedings in Manufacturing Systems, Vol. 6, Iss. 4, 2011 / 209-216

Xa + AB cogh; + BC cosh, + CP cosfhs+ u) = Xp;

ax, |
— 2 = _tand,, 2
@, b, 2
dA ..,
where :u= arctanM CP
U= =x3(Ap) +Y5(Ap)
X3(Ap)

A, is the value of the parametemwhich correspond-

ing to the generator passing through the pBiof curve
directories;

2 2
ot 3] (&)
Yo |\ dA dA
because it is assumed that the foot sole do miesdi on
the land surface.
The equations (2) are solved with respect to the un
knownso,, @z andip. in terms of the coordinate&, Ya
of the center of the couplke and the and the amount im-
posed angle;.

By differentiation with respect to the time of tequ-
ations (2), the velocity transmission functionautes

dYtA +ABcosh; —=+ ¢1 +BCcogp, d¢t2 +CP

cos ps+u)( 903 ﬂﬁw dcp

dA
5|n(¢ +u) —=0;
dt drdt A Tt

AB sind)l% +BC simz% + CPsinbs + U)

(%+%% _dcp coS Bs d)\ dX, dA _
dt  dA dt dA dr dt
dX
A = ’ 3
o ©)
d%ys dg _ d%x dys
d? A g A d, 1 dbs_,
cos® ¢, dt

o)t
dA
which are simultaneous solved with respect to tie u

do, ~dos
dt  dt

knowns —*% and E where:

w_ g =T g
@ KW d
dx: dy.
acp_eW M2 g
dt CP dt

2 2
N EANE PN
dt dA dA dA dt

Further on, by differentiation the equations (Jule
the acceleration transmission functions:

Fig. 6. The leg in the support phase.

d2YA d2¢ . ddp 2
+AB 291 _sj 1|+
2 comn G - snw ]

42
BC[COS(I) ¢ |r¢2(d¢2j ]+

CPcosfs+u)(—*3 d%9s +d u(d)\]

dt?  da?ldt d\ gt?

2
CP sinhs+ u) (903 L QU AA Y
dt A ot

2 2
L8P bt (@j 4 0CP
a2 dt dA

2
——sin s+ u) ﬂ— 0;
dt?

d¢3 du dn dr dCP
dt d)\dt dt dA

AB {smq)l ‘121

do,

cospz( j ] +CPsin(¢s+u)

2
%2[%] ] +CPsin($s+u)

Ldudhy
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¢ 2
2
Cosl)l( J +BC |:Sin¢2 ddtq)gz +
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Taking into consideration the particularities ofth

2
d* ¢3 [d)‘j @ﬂ +CP cosfps + u) contact between terrain and foot, the leg mecharnssm
dt? d)\2 dt d\ dt? analyzed in two steps:
2 , ) < the first: it is solved the equations (4), whicHine
%Jr%ﬁ . d"X, [ the equilibrium of the forces acting on the elersent
dt o\ dt d\ dt (1) and (2),
< the second: it is solved the equations (5), whixh e
,dCP \ dos , du dA dr d a“Xa press the equilibrium of the forces acting on thet f
dA ot ohdt)dt g2 e. o
2 2 4\ The particularities consist in the fact that thetf(3)
d°CP .0s b3 + u) (d)‘) _ 0P os bs+u) — = is supported or rolled without sliding on terrain.
2 dt dA dt As a result, the reaction force acting to the (8t
0; has two components, namely along the normal on the
daysﬁ_dsxs% %_ZAdzxs support plane and’ holds in the support plane. The
d¥ d\ dN d\ )\ dV (A 2+ A A N rolled without sliding of the front or rear end thie foot
o, 3 a o, 2 g2 is done ifT < uN only, wherey is the frictional coeffi-
(d?\] ( d}\] cient between foot and terrain.
, The forces analysis is made in two situations.
inp, ( d, N 1 do, -q 1. The foot is supported with his flat surface e t
co®? | dt codd, d? terrain (Fig. 8a).
) . The equations of the forces equilibrium which att o
where A= d’y, dx, _ d'x, dy, , the links (1) and (2) are:
d\* dA  d\? dA
which are simultaneous solved with respect to the u Qx * Firx —Ruax + Rowx = 0;
knowns 222 d’p, d° ¢3 Qv+ Firy—mi g =Ry + Rory = 0 (4)
2 ! 2 2
where: dt dt dt Moz + (Fizy =My 9)(Xe1 — Xg) —Fiax (Ye1 — Ye) +
' &y Rowx(Ya — Ye) + Roa(Xg —Xa) + Mi1 = 0;
d’u _| gn2 X30\) d)\2 y3()\) Fiox + Riox + Reox = 0; Fioy =My g + Rypy
at® X (M) +y:(A) +Rey = 0;
dx. dy (Fizy =Mz 9) (X2 — Xg) — Fi2x (Yoz — Ye) + Reav(Xc —
ﬁdjf(ﬁ(?\) - Y:(N)- (M) Y,AQ a\Y Xg) —Razx (Yc —Yg) + Mi2 = 0,
_2 -
(XBZ()\) + y32(7\))2 ( gt j * where:Mgy; = 0.
Q =Qui +Qyj is the direct acting load on the leg in
d

D=2 y30) g2y, Qz(%f{%f'
xs(A)+y3(A) &2 d dA

3.2. Forces Distribution in the Leg M echanism

The goal of the forces analysis in the leg meclmanis
is the determination of the conditions of the statabili-
ty of the feet and of the fully robot [4, 6]. Thegl me-

the center of the paik;
2

dsz d YGJ
L= mm—s, M =

d’;
dt?

Fijx= —m —lgj

d2

d’X
A=A _(XJmSIm) + ylGlcoﬂ) )

dtZ

¢1

chanism is plane, and the reaction forces frompthes

are within the motion plane.

The pressure on the contact surface or generatrix i

—(xmcowl—ymsim[%] ;

assumed to be equally distributed. From the equilib

equations of the forces which act on the leg meishan
elements (Fig. 7), the reaction forces from pAir8 and
C and the modulus and the origin of the normal feact

N are calculated.

If the position of the origin of normal reactiorrée N
is outside of the support surface, the foot ovesuiTo
avoid this phenomenon it is enforce that the orgithe
normal reaction force to fill a certain positiorefitite by
the distancal. In this case, a driving momehty; in the
pair A, applied between the body (0) and the thigh (1) is
added. This moment is the sixth unknown quantityhef

forces distribution problem.

oY, _d,

dt? at? +(X1(31C03p1_

Ao,
ylGls|n¢1) dt2

- (XlGl Sin¢1 Ve COS¢1)( dq)l\} ;
oxo _EX, o,
o2 (Xzez Slm)z Yoc2

_(X25200$2 yzszslrlp )(Cﬂ)zj -

- natsirg, 12 +cos4>{%j )
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Fig. 7. Forces distribution in the leg mechanism.

dy,, oY . d
TZGZ = d[_ZA + (Xzez COSIJZ ~ Yo Sm¢2) dtqZZ

d¢2]2 _
dt
- AB(cosp, T —sindn(%] )

dt? dt

a*X . ol
= A (X353S|r¢3 * Vas CO$3) d[qz3

- (Xzez Sind)z T Voeo COSI)Z)(

d*Xs,

at? at’

- (Xae3 CO$3 ~ Yz S|n¢3)(%] - _AB(Sim)l

d'o,
dtZ

at?
d, d’, . d
dt263 = TzA + (Xaes C03b3 - yBG3SIn¢3) dtqz3

v + v couh | %2+ Apceosh,

] )+BC(cosp, d;:llz —sind)z(dizj ).

+c03b1(%j )-BC(sinp, 8- +cos|>z(%] )

do,
dt

—sincpl(

Equations which expressing the equilibrium of the
forces which act on the foot (3) are:

T—R32x=0; N—Rgzy—n'bgzo;Nd‘l'TYC—
Mg g (Xez —Xc) = 0. (5)

These equations are solved with respect to the un-
knownsN, T andd. If T > uN, the foot slipped on the
terrain. In this case, the input momeng; M 0 must be
applied to the thigh (1).

The magnitude of this moment is calculated by solv-
ing of the equations (4), wheRs,x < uN. The sets of
equations (4) and (5) are solved iteratively, utimd dif-
ference between two successive iterations decreases
der a certain limit.

2. The foot is supported with his front end on tie
rain (Fig. 8b).

The foot (3) may be in this position if a drivingom
ment is applied in pai€, between links (2) and (3). The
reaction forces from paik andB are the solutions of the
equations (6):

Qx + Fizx —Riox + Rox = 0; Qv + Fioy =My g — Ryoy +
Rowy = 0;

Mo1 + (Fizy — M1 9)(Xe1 — Xg) —Fiax (Yor — Yg) +
Rowx(Ya — Yg) + Roa(Xg — Xa) + Miy = 0,

Fiox + Riox + Raox = 0 Fipy —mp g +
+Riav + Ry = 0; (6)

(Fizy —mp 9)(Xe2 — Xg) —F12x (Yoz — Yg) + Raa(Xc —
Xg) —Raox (Yo —Yg) + Miz =M= 0,

Wherel\/lm =M,3;=0.

The unknowns of these equations Bsg, Rowv, Riox,
Ri2v, Razx andRsyy.

Equilibrium of the forces which act on the foot (8)
expressed by equations (7):

T—Rax + Fiax = 0; N=Rsoy—mg g + Fizy = 0;

Moz + Mis+ N (Xp —Xc) + T Yc + (Fisy— Mz 9) (X3 —Xc)
—Fisx(Yos —Yc) = 0. (7

Solutions of these equations a&feT andM,s. If T >
uN, the foot slipped on the terrain and the robotrove
turns.

3.3. Optimum Design of the Foot

The bottom surface of the foot of a walking robot
may have various shapes. These surfaces diffehdy t
size of the flat surface and the forms of the framd rear
cylindrical surfaces. The most adequate form oflibe
tom surface of the foot, i.e. the expressions efdhec-
tories of the front and rear cylindrical surfacissgdeter-
mined by optimization of some parameters. The oebjec
tive [4] function, which is minimized in the optirdtion

The equations (4) are simultaneous solved with reprocess may expressed:

spect to the unknowriRy:x, Rowy, Riox: Rizy, Reox @andRayy.
The reaction forceR =R i +R,, ] acts from the linkij

to the link ().

. _db, dp,  dog
maximum angular velocity=— , —= or —=;
¢ dt dt dt

e maximum angular acceleration:
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e the maximum driving forces or moments etc.
The design variables with respect to which the obje
tive function is minimized are:
» the lengthsAB andBC of the links (1) and (2),
» the coordinategg, Yar Of the pointR;
 the coefficients from the equations of the curvedh
tories of the surfaces of the front and rear ends.
The minimization of the objective function is per-
formed in the presence of constrains which expresse
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5. CONCLUSIONS

A conclusion section is not compulsory. Make sure
that the whole text of your paper observes theutdxt
arrangement on this page.

Low speed and high energy expenses characterize the
walking robots. Usually, the increase of robot spean
be achieved by a very simple solution, namely iasee
of capability of the drives.

A rational solution is to use an analogy of theatob
leg architecture with human leg. Of course, the com
plexity of the human leg is very large, so that ynaim-

« the directory curves of the front and rear ends aréPlifications must be made. The use of an adequate s

tangent to the flat surface of the foot sole,

» the ordinateysr andysr of the pointsR andT respec-
tively in which the directory curves are tangenthe
flat surfaces are limit by the minimum flat surfaafe
the foot.

4. EXAMPLE

The parametrical equations of the curve directasfes
the front end cylindrical surface are assumed dg-po
6
nomial onesys; = &; X3 :Z(:i)\‘-l .
i=1
directories must pass through the pdtefined by the
coordinates<g, Yar, results:c; = Xagr — GYzr — By ~

C4y§R_05ng_Cey§R'

Because the curve

In the pointR, the curve directories is tangent to the 4

bottom flat surface of the sole:

dy,
dx

3ly=ysr

Whence it is results
G = _2:3y3R_3:4y32R _4:5y:R _5:6ng'

The goal of the optimization problem is to calcelat
the coefficient of the polynomial directory and tbe
mensions of the leg mechanism links. The functidti w
respect to which the leg design is optimized, the. ob-
jective function, expressed the maximum value @ th

2 2 2

angular acceleratioﬁ%, % and % in terms of
t t %

the coefficients of the polynomial directory ancb tti-

mensions of the leg mechanism.

The optimum shape of the front end of the foot is

shown in Fig. 4, curve (1) [1, 8].
This polynomial curve has the following coefficient

¢, = 0.4140775¢, = 0.8095373¢; = —-5.841186,
cs = 0,5 = 0.009742488 = 0.

The coordinate of the poil with respect to the mo-
bile axes system;Cy; are:

Xar = 0.4421264y3z = 0.06929674.

face shape of the rigid foot sole of the leg hasdffect a
betterment of the gait.

Because the leg is used for module of walking robot
the analysis and improvement of the proposal hamlwa
architecture will be continued.
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