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Paper

Optimal Force Distribution for the Legs of a Quadruped Robot*

Xuedong Cheh Keigo Watanable Kazuo Kiguchi, and Kiyotaka lzundi

Abstract: The real-time force control of a quadruped robot involves optimization of an underdetermined force
system subjected to both equality and inequality constraints. A new method for optimal force distribution for the
legs of a quadruped robot is presented in this paper. It is characterized by transforming the friction constraints
from the nonlinear inequalities into a combination of linear equalities and linear inequalities, by eliminating the
linear equality constraints from the original problem to reduce the problem size, and by solving a quadratic op-
timization problem to meet the needs for quality of solution. The technique is compared with the existing QP
(Quadratic Programming) Method and Analytical Method to show its superior performance in terms of the prob-
lem size, quality of solution and the scope of application. The effectiveness of the proposed method is illustrated

by giving some simulation results of optimal foot force distribution for a quadruped robot.

Keywords: Quadruped Robot, Optimal Force Distribution, Quadratic Programming, Friction Constraints

1.

1. Introduction

S a kind of legged vehicles, quadruped robots can be

applied in the work space with rough terrain, e.g., map
building on an uneven ground, hazardous tasks like land-
mine searching and removing, volcano data collection, etc.
The fact that the control strategy of a quadruped robot must
take the force distribution of the legs into account, is con-

sidered to be very important. A quadruped robot has not2.

only a kinematic topology, but also a redundant actuation.
This arises due to the general existance of three actuated
joints in each leg, resulting in more controlled actuators

than the degree-of-freedom of the body motion. There-3.

fore, mathematically there exist fewer force moment bal-
ance equations than unknown design variables, and the so-
lution to these equations is not unique. Moreover, such a
robot has physical constraints that can only be represented
mathematically as inequalities due to the nature of the con-
tacts involved, i.e., normal contact forces between the feet
and the ground cannot be negative, and the magnitude of
the tangential force at each foot cannot exceed the maxi-
mum force of static friction. In addition, the torque of each
joint must lie within the allowed range. Therefore, force
distribution for legs involves optimization of force for the
legs, considering the inequality constraints, same as that 0121
cooperating manipulators, mechanical hands, etc.

In recent two decades, many researchers have studied
this problem and have developed different algorithms for
the optimal solutions [1]-[25], in which there are mainly
four representative methods:
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Linear-Programming (LP) Method [1]-[5],[25], in
which this problem is formulated as a linear-
programming problem, by replacing friction cone
with a piecewise linear pyramid so as to express
friction constraints by linear inequalities. But this
method is difficult to be applied for complex systems
in real-time and it leads easily to discontinuous solu-
tions even under smooth changes in constraints [8];

Compact-Dual LP (CDLP) Method [6], this method
results in a smaller problem size by using the
compact-dual linear programming, but it cannot over-
come the discontinuous problem [8];

Quadratic Programming (QP) Method [7],[8], it is
superior to LP and CDLP in quality of solution and
also can be implemented in real-time because the
time for obtaining a solution does not depend on an
initial guess. However, the existing numerical exam-
ples were limited to finger system without mentioning
the applicability to walking robot. In a general walk-
ing robot, the number of constraints is larger than that
in a finger system. Furthermore, the quadruped robot
has troublesome kinematic topology. Therefore, it
may be difficult to implement this method in real-time
without reducing the problem size [15];

. Analytical Method[9]-[13], this method is mainly

applied to the walking robot. It is characterized by
finding a relation among feet forces in order to pre-
vent legs from slipping, and consequently adding
equality constraints so that the underdetermined force
system may be transformed into a determined system
after combining inverse dynamic equations with the
equality constraints. However, it attempts only to pre-
vent leg slippage, neglecting the other inequality con-
straints.

In addition, some researchers proposed the optimal force

School of Science and Engineering, Saga University, 1-HonjomacFﬁsFribUIion scheme of mu!tiple cooperating robots by com-
Saga 840-8502, Japan. E-maifwatanabe, kiguchi@me.saga- bining the Dual Method with the QP [14], [15].

u.ac.jp
§ Department of Mechanical Engineering, Faculty of Science and E

For a quadruped robot, the optimization process involves

gineering, Saga University, 1-Honjomachi, Saga 840-8502, Japan_flb_ree aspects to be considered: the first is to prevent legs

mail: izumi@me.saga-u.ac.jp

(©1999 Cyber Scientific

from slipping; the second is to avoid the discontinuity of

Paper No. 1345-269X/99/020087-08



88 X.-D. Chen, K. Watanabe, K. Kiguchi, and K. lzumi

| Is I3 I
A=1p B, B, |’
0 -z
Bi=|z 0 -z,
—Yi T 0

whereIs € #3%3 is the identity matrix andz € R° or

€ R'2 is the foot force vector, corresponding to three or
four legs supporting, respectivelyd € R6*9 or ¢ R6*12

is a coefficient matrix which is a function of the positions of
the supporting feet, wheB; € R3*3 is a skew symmetric
matrix consisting of £;, v;, 2;), which is the position co-
ordinate of the supporting foétin ¥,. W € R¢ is a total

Fig.1 The force system acting on a quadruped robot body force/moment vector.

Itis clear that Eg. (1) is an underdetermined system and
the foot forces for such a kinematic topology system; arit$ solution is not unique. In other words, the feet forces
the third is to make the foot forces of swing leg increadeave many solutions according to the equilibrium equation.
smoothly from zero, after contacting the ground so as tdowever, the feet forces of the quadruped robot, in fact,
avoid impact. Based on the existing methods, a new algoust meet the needs for the following physical constraints;
rithm on optimal force distribution for legs of a quadrupe@therwise they would be invalid.
robot is proposed in this paper. The main idea of our work First, all supporting feet should not slip when the robot
is originated from the combination of the QP Method witkvalks on the ground. It results in the following constraints:
the reduction of the problem size. The present approach _
can eliminate the disadvantages of the Analytical Method Vs I <pfa, (i=1,---,n), 2)
and the QP Method in optimization of force distribution fo\r/vhereu is the static coefficient of friction of the ground.

a quadruped robot. .
. . . Second, since the feet forces are generated from the cor-
The rest of this paper is organized as follows. In Se(r:- nding actuators of ioints. it must take the phvsical lim-
tion 2 the problem formulation is presented, which includes >P° g actuators ot joints, tmust faxe e pnysica

mathematical description of the problem. Section 3 givétssS of the joint torques into account. Then it follows that

reduction of the problem size, continuous solution for the fui
problem, and optimal solution for the problem. The exam- —Timax < JZ.TRZ- fyi | < Timax, 3)
ple and simulation results will be presented in Section 4. fui

2. Problem Formulation fori = 1,---,n, whereJ; € R3*3 is the Jacobian of the

i ; leg i, Timax € R is the maximum joint torque vector of
The force system acting on a quadruped robot is shovmgl Tima | q

i Fig. 1 F imolici v the f / legi, and R; € R3*3 is the orientation matrix oE;
in Fig. 1. For simplicity, only the force components of .. respect t,.

a f°k°t are.pref,ented here.h Afs has beenl usuéal In SUCI'I‘—‘inally, to assure definite foot contact with the ground,
work, rotational torques at the feet are neglected. L&t oo must exisf.; such that,

(O— XY Z) be the coordinate frame fixed at the robot body

in which the body is located in th&-Y plane andxy; fz>0, (i=1,---,n). 4)
(s; — z*y*z*) denote the coordinate frame fixed at the fo
i, in which the legi lies in thex*—z* plane and:*-axis is
normal to the support surface of the foot which is assum
to be parallel to theX-Y plane.F = [F, F, F,]T € ®3
andM = [M, M, M,]T € R3 respectively denote the
robot body force vector and moment vector, which resuff
from the gravity and the external force acting on the rob%t_ Reduction of the Problem Size and the Solution
body. Definef,;, fyi, andf.; as the components of the

force acting on the supporting fobin the directions ofX, As shown inFig. 2, most of researchers substituted
Y, andZ in Eor respective'y_ The number of Supportinéhe inscribed pyramld for the friction cone formulated by
feet, n, can vary between 3 and 4 for a quadruped robcﬁ_q. (2) ThUS, the nonlinear friction constraints are approx-
The force/moment quasi-static equilibrium equation of tHEnately expressed by the linear inequalities

robot can be written as foi <t fuis fyi < fu, (=1,---,n), (5)
T = FA2) yr = FA2) ] ) )
AG+W =0 (1) wherey’ = +/2u/2 for the (conservative) inscribed pyra-

with mid. Therefore, the nonlinear programming can be trans-
formed into a linear programming, e.g., see [2], [6], and [7].

Qfherefore, the problem of the foot force planning can be
ggscribed as a nonlinear programming problem. Clearly, it
Is difficult to solve such a nonlinear programming problem

for real-time foot force distribution of a quadruped robot

ith complex constraints.

G = [le fyl le "'fzn]Ta
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Fig.2 The friction cone and pyramid
*
To minimize the possibility of slipping, the force distri- y* v oo y

bution ;hould be such that the maximum .of the ratios of 5 0] 0.2m—» (1
tangential to normal forces at the feet is minimized. It has X * S
been shown that, for a multi-legged robot, the force ratios S Y1
are minimized if all ratios are equal to the global ratio [10]. X *
It is on the basis of this idea that Liu and Wen[13] found
the relationship among the feet forces and transformed the Fig.3 The vertical view of a quadruped robot

friction constraints from the nonlinear inequalities into a
set of linear equalities so that the underdetermined force
system may become a determined system by combining
Eq. (1) with the set of linear equalities. However, it should
be noted that they obtained such ratios under the assump-
tion that all horizontal force components of the robot body
force/moment are zero. In the strict sense of the word, it
is only the optimal condition that prevents leg slippage for
the case of no horizontal force. So its scope of application
is limited. Moreover, the method only seeks for the min-
imum ratios of tangential to normal forces at the feet, at
the cost of neglecting the constraints expressed by Egs. (3)
and (4). For example, consider that a quadruped robot,
whose mechanism is describedHRigs. 3and4, walks on I
a

the plain ground in a periodic crawl gait, with the stride

length of each swing leg to be 200 [mm], and the robot

body force/momentF, = 200 [N], F, = 20 [N]. Using

the Analytical Method presented in the reference [13], the Fig.4 The basic mechanism of a leg

results of the force distribution for the legs in a gait cycle

fzi (i = 1,---,4) can be obtained as shownhig. 5. Itis Egs. (6) and (7) can be rewritten as

clear that in this case the constrairfts > 0 andf,, > 0

are violated. Jyi = kyzfei, (i=1,---,n), )
Here we synthesize the advantages of the existing meth- . ,

ods, that is, part of components of the feet forces satisfy the foi S p7feir (E=1,0005m), (10)

relationship of global ratio of tangential to normal forcgs dlherek,. = F,/F. andu® = \/u® — k2..

the robot body, and let the other components satisfy l'nearCIearIy, the force distribution becomes a linear problem

ine_c1uality constr%intshasf Eg. (5). For ex‘anIe, defifing anq its computation is considerably reduced by replacing

g ol ) o be e forme, andy; (i =1, )10 £ oy with Egs. (6) and (7) or Egs. () and (10). In partic-

€ the latter, then we obtain ular, it can overcome the demerit of the Analytical Method
foi = kosfuiy (i=1,---,n), 6) as mentioned above.

Fui S fu, (G=1,--,n), @) 3.1 Continuous solution for the problem

A quadruped robot can realize its crawling using three
and four legs alternatively to support its body. However, it
must be taken into account how to avoid the discontinuity
of the feet forces. The consideration should be twofold: the

= — k2, (8) firstis to assure th_at the foot force of the swing leg contin-
uously transits while the leg moves from free to placement
Similarly, making a permutation of,; and f,;, then onthe ground;the second is to make the foot force increase

wherek,,, = F,./F, is the global ratio of - to Z-direction
forces at the robot body.* is the given coefficient for fric-
tion constraints. According to Eq. (2), we have
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| | as
0 N N
Y N . A allf|+w-o (13)
Z O :
N AN foot 1 whereA € R0%9, G € R?, andA; € R6*3. It follows that
° i Wo-eeee- foot 2 1
S 50f { ——— foot3 . AG+(Ajf;+W)=0. (14)
= i if ——-- foot 4 1
3 < | LetW = A;f; + W € RS. We then have
I o
(| Ne S AG+W =0. (15)
oF ———-— J yo——— ' '“'“\'\'\'"/—
h ’ Since there are only eight independent equations among
(') —— Of5 — '1 Egs. (15) and (6) or (9), we obtain the equality constraints
) of the force distribution in the form expressed in Eq. (11)
Gaitcycle T by combining Eq. (15) with Eq. (6) or (9). Note here that

A is the resulting matrix ofA after combination, an®
is the resulting vector oV after combination. As a re-
sult, the force distribution in the time peri¢t, ¢, ) can be

smoothly from zero in order to avoid impact resulting frongonverted into one for three legs except for thejiegnder
the placement of the swing leg. the consideration of continuous solution for the problem.

For the convenience of explanation, (e, tj) denote
the time period from the time;” at which the legj (the

Fig.5 The simulation result by using the analytical method

3.2 Optimal solution for the problem

swing leg) is lifted, to the time.™ at which the legj is The solution t‘.) the Inverse dyn.amlc equations (.Jf a
laced: (++.£-) be the i 7 qf he time" qguadruped robot is not unique, but it can be chosen in an

P af:e () ’tk,), e the time peng _rom t ? timg; at optimal manner by introducing an objective function. The

which the legj is placed, to the time;; at which the leg approach taken here is to minimize the sum of the weighted

k (next swing leg) is lifted. It is obvious that the roboggrque efforts of the robot, which results in the following
uses three legs to support on the ground in the time periggiective function [8], [15]:

(t;, tj), whereas it uses four legs to do so during the time

period(t], t;). f(G)=p"G + lGTQG, (16)
In the time period(tj‘,tj),n = 3, so thatG and A 2

become a vector of 91 and a matrix of &9, respec- with

tively. Equation (1) contains nine unknown variables with

six equations. Although there are nine equations by com- p' = [%1TJ1T SR R =

bining it with Eg. (6) or (9), actually there are only eight

independent equations in existence,

J1Q1J1T . 0

AG+W = 0, (11) Q= c §R?m><3n,

: : ;
whereA € 189 is the resulting matrix ofA after combi- 0 o Indndn

nation. G € %" is the foot force vectorW € R* is the  \yhere+, is the joint torque vector due to the weight and
resulting vector oW after combination. inertia of the legi, J; is the Jacobian of the leg andg;

Thus, the force distribution can be reduced to the forgg 5 hositive definite diagonal weighting matrix of the feg
planning subjected to the equality constraints expressefis ohjective function is strictly convex.

by Eq. (11) and the inequality constraints expressed bygecause the time for obtaining a solution does not de-

Egs. (3), (4) and (7) or (10). . pend on an initial guess, a quadratic programming is su-
In the time period(t}", #;),n = 4, s0 thatG' is @ 12-  perior to linear programming in both speed and quality of

dimensional vector, andl is a matrix of 6<12. For the he gptained solution [8]. The general linear-quadratic pro-

sake of continuity of solution, the foot forces of the Igg gramming problem of the force distribution for legs of a

denoted byf; = [f.; fy; f;]" € R* should be changed q,adruped robot is stated by

smoothly fromf (tj) = 0to f;(t;, ), which can be deter-

mined according to the force planning for three supporting minimize p” G + l(;TQ(; (17)
legs at the time,, . Therefore, the foot force of the lggn 2 ’
the time periodtj, t, ) can be expressed as subjectto AG+ W =0, (18)
BG < C, (19)
Fi=0)F;t), (12)

where G € %9 is a vector of the design variables (the
whered(t) is any desired continuous scalar function varyfeet forces) and Eq. (17) is the objective function, while
ing from 5(tj) =0tod(t,) = 1. Thus,f; is regarded to Egs. (18) and (19) represent the equality and inequality
be known in this time period and Eqg. (1) can be rewritteconstraints, respectively. It should be pointed out that,

©1999 Cyber Scientific Machine Intelligence & Robotic ContddR), 87—94 (1999)
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Eqg. (18) denotes Eq. (11), and Eq. (19) is the resulting iSubstituting Eq. (24) into Egs. (17) and (19), the linear
equality constraints for the combination of Egs. (3), (4) amguadratic programming problem can be expressed by
(7) or (10) where

minimize f(G,), (25)
T ~ -
B= [BlT Bl BY Bﬂ € RO, subjectto BNG, < C — BGy, (26)
where
C= [T,{max Tgmax T:’l’:max _T,{max _Tgmax é TC_;' 1GT C_}' TNC_;'
r) = + = + ,
7 F e 000000 €R [Gr) =P Got 5GoQGo +p
1.7 A 1.7 .
with +5Go QNG + 5G, NTQG,
J'R, 0 0 L&' NTQNG,.
Bi=| 0o JI'R, 0 |e®"™, 2
T -
0 0 J3Rs Since@G, is a single design variable denoted bythe op-
timal force distribution can be further presented as
T
B — _J(l)Rl J(T)R g R minimize agz? + a1z + as (27)
2 — —dJd9 2 ) .
subjectto z € [by1 b 28
0 0 —J?;Rg ) x [1 2] ( )
where
00 -100 0 00 0] 1
B;={0 0 0 00 -1 00 0|e®R> a = 5N QN,
O 0o 0 OO0 O 00O —1_
T 1.1 1.7 -
B4 ap =p N+ §GOQN+§N QGO;
01 - 00 0 00 0]
=100 0 01 —u* 00 0 |eR> 1T .
T
00 0 00 0 0 1 —p] az = p" Go + 3Gy QGo.

To simplify the problem, the general solution is obin which [b; b.] denotes the bound resulted from Eq. (26).
tained to eliminate the linear equality constraints from thgince it is clear that, > 0 because of the positive-definite

problem, before quadratic-programming technique is agratrix @, there must be an optimal solution for the force
plied. Because there are eight linear independent equgstribution.

tions, Eq. (18) may be transformed into a desired row-
reduced echelon form [6], which has an identity maffix 4. Numerical Example
€ R8>8 in the first eight columns of the resulting matrix

such that The basic mechanism, size and parameters of a

guadruped robot are shown in Figs. 3 and 4, where
0.043 [m], b = 0.2 [m], d = 0.155 [m], ande = 0.045
[m]. There are three actuated joints, ¢;, and~; in the
leg 7, whose torques are denotedas, 7;2, andr;s, for
where A, € %8 is the remaining column of the matrig i = 1,---,4, respectively. Assume the weight of leg is
after transformationG, € R® is the partial vector ofx. ignorable, then the Jacobian of the legan be expressed
G, € R is the unknown element a& which denotes the by

design variableW ,. € R8 is the resulting vector ofV af-

ter transformation. Equation (20) may be rewritten by the Ji=olJa Ji Ji, (29)
following form

s A [ gb] LW, —o, (20)

fori =1,---,4, where
IsGy+ A,G, + W, =0, (21) 0

which yields Jia = | —la+bS(pi +v) +dSei] |

Gy=-W, - A,G,. (22) —[a + bS(p; + )]
Finally, it results in
e+ dCyp; + bC(p; +7i)

. [Gy]  [-W, —A, ], T = 0
o-[g]-[¥] [ o m [T
~ ~. T ~T
Now letGy = [-W, 0]T € R andN = [-A, 1]T
€ R?, then Eq. (23) becomes 0
o . Jiz= | bC(pi+7)+dCy; |,
G =Gy + NG,. (24) bC(pi + i)
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ando =1fori=10r3,0 = —1fori =2 or4, andSx I
and C'x denotesin x andcos *, respectively. From Fig. 3, | < ImTTTAN TN T
the orientation matrix oE; with respect to-,, can be ob- LN b \\ b
tained by — 100- N II Nl 4
5 ng; 0 z I % foot 1 E
COS Q; S @; i~
R, = | —sing; cos¢; 0f. (30) : ------- foot 2
0 0 1 o I ———- foot 3
2 SO —-—-- foot 4 |
The known crawl gait is a prerequisite for the optimiza- L(CE I ; 1
tion technique presented above because all joint positions I 'l' -:'.\\
are to be determined only from the known gait by us- L g : \\
ing the inverse kinematics[26],[27]. Here we assume the Ok £———1 A I
qguadruped robot is crawling in the direction Bfaxis of 6 T T 0'5 T T i
Y, on the uneven ground with the static coefficient of fric- o
tion 1 = 0.05. The initial position coordinates of feet in Gait cycle T
¥, are (in meter)(—0.3,0.2, —0.243), (0.3, 0.2, —0.243), ‘ o
(—0.3,—0.2, —0.243), and (0.3, —0.2, —0.243), respec- Fig.6 The foot force distribution for case |
tively. The sequence of swing leg generated is>3L —
4 — 2. The stride length of every swing leg is 0.2 [m], O—I - ' '
the nextZ-coordinates of the feet placements afe = B i
—0.243 [m], 22 = —0.238 [m], z3 = —0.243 [m], and Y Tk
z4 = —0.248 [m], respectively. The duty factors (the time I : RN
fraction of a gait cycle tim&" in which a leg is in the sup- g I : joint 1 :
porting phase [13])3; = 0.8, fori = 1,---,4, i.e., the pe- Z _1ob , _ ]
riod of (t;, t]) is T/5, and the period oft;", ¢;) is T/20. = i . joint 2 :
Then we assume that the maximum joint torque vector (in o i —r—--joint 3
Nm) is 7; = [40 40 40]7 and the body force/moment is: E’y " :
for case ILF, = 0, F, = 0, F, = =250 [N], M = 0; = -
for case II,F, = —5[N], F, = 10 [N], F, = —250 [N], -20r : .
mg = 1[Nm], m, =m, = 0. 0
4.1 Simulation result for case | I !
y . 0 0.5 1
For the case lk,. = 0, u* = 0.05, 6(¢t) here is a Gait cycle T

linear scalar function. The objective function of the op-
timization problem taken here is to minimize the internal
force[8],[15], i.e.,p = O (the zero vector), an@ = I
(the identity matrix). Solving Egs. (27) and (28) and sub-
stituting the solution into Eq. (23), the feet forces can b& 2 Simulation result for case Il

obtained. Figure 6 shows the foot force distribution ina gy the case llk,. = —0.04, u* = 0.03, 6(t) is a linear

gait cycle. Sincefy; = fyi =0 (i = 1,---,4) the ratio of - gcalar function. Similarly, lep = 0 andQ = I. The foot
tangential to normal forces at the feetin a gait cycle is  force distribution obtained in a gait cycle is presented in
Fig. 8. The ratio of tangential to normal forces at the feet

NI R in a gait cycle is
——F =0.

= R
0.0427 < +— < 0.05.

It is found that the feet of the robot don't slip during their

standing phases because the ratio of tangential to normal o ) )
forces at every foot is less than the static coefficient of friimilarly, it is easily found that the three aspects consid-

tion. Furthermore, it is shown that the foot force of thgred are entirely realized in the optimal solution in Fig. 8.
swing leg increases smoothly from zero to the desired foré€ jointtorques of leg 2 in a gait cycle are showfig. 9.

so that its discontinuity is effectively excluded as shown in

Fig. 6. Substituting the feet forces into the following equa-

Fig. 7 The joint torques of the leg 2 for case |

21

tion, the joint torques of the leg can be determined 5. Conclusions
An efficient algorithm for optimal constrained solution
Til Jai of the force distribution problem for a quadruped robot, has
T | =J R | fyi|, i=1,---,4.  (31) been described in this paper. This method contains four
Ti3 fzi steps. First, the friction constraints are transformed from
the nonlinear inequalities into a set of linear equalities and
Here we have shown the result of the leg Fig. 7. linear inequalities that satisfy the condition to prevent leg
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Fig.8 The foot force distribution for case Il

slippage. Second, the general solution of the linear equal
constraints including those of the friction constraints an

[T T T
0_
— .'- \.\'\i.':
= s : L
E _10- — joint1 :- |
S - Voo joint 2;
~ H i '
o 1 —-—- joint3;
S B H
=3 I :
o :
= -20F \\ .: u
| N | |
0 0.5 1
Gaitcycle T

Fig.9 The joint torques of the leg 2 for case Il

function. As a consequence, the original problem becomes
an optimization of a quadratic function with one unknown
guantity. Finally, the optimal constrained solution for the
force distribution problem can be obtained by solving the
optimization equation. Moreover, in the case of four legs
supporting the robot body, the foot forces of the previous
swing leg are designed to change smoothly from zero to the
ultimate values when the next swing leg is lifted.

Since the problem size of the proposed approach was
smaller than those of the problems presented in[8],[14],
and[15], it was beyond doubt that the method can be used
for the controller in real time. The allowed interval of
the design quantity expressed in Eq. (28) resulted from the
physical constraints given in Egs. (3), (4) and (7) or (10),
therefore, it was shown that the proposed approach was su-
perior to the Analytical Method [9]-[13] in both the scope
of application and quality of solution. The effectiveness of
the proposed method was demonstrated through two simu-
lations of the foot force distribution for legs of a quadruped
robot.
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