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Abstract. Gait generation for humanoids and humanoid walking has been subject of many researches in
robotics. This paper focuses on mathematical simulation of biped robots and investigating walking stability
regarding zero moment point (ZMP) criteria; it also proposes a simple algorithm for humanoid walking with
more links such as arms and forearms using proper parameters. Raising the number of links, the number of
effective parameter instability grows rapidly and leads to be complicated and time consuming equations. In
order to tackle the issue, a new method, step by step ZMP calculating is used. It can be seen that robot walking
pattern with the swinging arm and forearm is like a human walking patterns. Besides, it is understood that

a robot with arms has more stability in comparison with the robot without arms. Moreover, it is concluded
that robot with forearms has more stability in comparison with the robot with arms.

Keywords: biped robot, ZMP, arm, trajectory, simulation, modeling, spline.

1 Introduction

In recent years, many researchers have worked on
humanoid robots to perform tasks that humans cannot
makel'l. A basic topic in legged walking machines is the
gait stability of legged locomotion. Some researches are
performed on mathematical modeling a biped robot!22.
Vukobratovic et al.'?! worked on dynamic stability of
legged machines. Yagi and Lumelsky[3] used sensors
to plan the motion of a biped robot. They studied a
number of stable walking patterns. Using multi objec-
tive particle swarm optimization algorithm, Mahmood-
abadi et al. [l studied on optimal control of a biped robot.
Bououden and Abdessemed 1! investigated on control of a
biped robot. They considered suitable geometrical condi-
tions to transform the nonlinear systems to normal form
and proposed a strategy for controller design of a walk-
ing robot. Based on the system of T-S Fuzzy, Farzaneh
et al. determined an analytical function and presented
a new method for trajectory generation of a seven-link
biped robot .

Aoustin and Hamon!” worked on a four-bar linkage

biped robot. They simulated the dynamic of a biped robot
with four-bar linkage knees. The numerical results from
their research show that the four-bar linkage simulation
is a good way to simulate the robots.

McGeer [®] investigated the passive walking with
knees. Passive walking is a phenomenon used for bipeds
having straight legs. Some researchers used static con-
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cept of walking!®!, and others used the dynamic con-
cept for Walking[m] to calculate the pattern for walk-
ing. Zheng and Shen & presented a plan to enable
the SD-2 biped robot to climb a ramp surface. They
showed that the proposed mechanism can be extended to
quasi-dynamic and dynamic gaits. Dasgupta and Naka-
mura 'Y studied the human/humanoid locomotion sys-
tem and a method for adaptation of the human motion
capture data for driving a robot like humans.

On the other hand, Grizzle et al. (111 modeled the walk-
ing control of a three-dimensional bipedal robot. Besides,
Siswoyo Jo and Mir-Nasiri ''?! simulated and modeled the
dynamic walking of a bipedal robot. They used a min-
imum degree of freedom for walking and presented a
new method for balancing and sensing for robot. More-
over, Juang[13] presented a learning scheme to generate
robotic locomotion on different sloping surfaces. And fi-
nally, Sabourin and Bruneau 141 studied a method for dy-
namic control of an under-actuated robot.

In 2007, Wu et al."®! worked on a system for trajec-
tory tracking control of a biped robot using neural net-
work. However, before them, in a related study, Capi
et al. "% have been also presented a scheme for design-
ing a learned inverse dynamics of a robot with two legs
by using neural network algorithm in 2003.

Kajita et al. (17 developed a biped which can jump and
run. Previously, in another work, Silva and Machado 1!
studied the analysis of biped robot locomotion systems,
focusing on the problem of energy efficiency. However,
Cardenas-Maciel et al.['”! worked on designation the
walking motion for a biped robot using the genetic algo-
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rithm as a method for their work, in 2011. They used
a three degree of freedom robot as a case study for their
designation. In the same year, Pinto and Santos 2% mod-
eled two-legged robots like animals. Before them, Huang
et al.[?! have formulated parameter constraints of the
robot’s motion and proposed different types of motion on
the ground.

Based on reviewed studies, gait generation includes a
variety of different methods. However, plan a gait for a
humanoid robot with more than seven-links is the main
problem which is still existing in most of these surveyed
methods. Therefore, a new proposed method for covering
this problem should not be complicated.

First of all, based on the method of Mousavi and
Bagheri (221 this manuscript presents a simulation
method for a biped robot with a seven-links biped robot,
without arms; and by iteration obtains some effective pa-
rameters in the ZMP. After that, by adding another four—
links as arms and forearms, the simulation performs us-
ing parameters gained from the seven—links biped robot.
By examination of new effective parameters which are re-
lated to the new four—links, the best values of them will
be selected for gate generation in this new robot. The
considerable benefit of applying this technique is that it
is not required to use huge iteration; and as a result, the
new ZMP can be calculated quickly.

2 Kinematic Modeling of the Biped Robot, Based
on the Calculation of Mousavi and Bagheri

An effective method for walking is presented using in-
verse kinematics. Polynomials and the spline functions
were used because of the reason that these are good func-
tions for specifying trajectory of each joint, since splines
are differentiable and easy for evaluating. Respecting to
the break points (i.e. step length and geometrical condi-
tions), the ankle trajectory is generated. By using n +1,
different points are becoming more suitable to calculate
coefficients of a polynomial in order of n and as a result,
this polynomial would be unique. The lengths of links
are known. Therefore, the position of links during walk-
ing can be found by applying the geometrical relations.
It is necessary to introduce some of utilized parameters
and assumptions in modeling of this biped robot. These
parameters are hip and foot parameters, which are ex-
plained as follows.

2.1 Hip Parameters in Sagittal Plane

Hip parameters include vertical and horizontal dis-
placements (z;,x,), which are shown in Fig. 1. These
parameters are used in the trajectory of the hip. During
inverse kinematic these two parameters are needed to be
calculated, which are horizontal and vertical positions of
the hip.

2.2 Foot Parameters

Foot includes parameters such as horizontal displace-
ment of ankle (x,), vertical displacement of ankle (z,),
time of total traveling which is single and double sup-
port phase (T.), time of double support phase (Ty), the
time that ankle joint reaches maximum height (T',,), step
numbers (&), Maximum height on ankle joint (H,,), the
horizontal distance between start point and ankle joint
for maximum height of ankle joint (L,,), length of half

Fig. 1. Biped robot sagittal conﬁguration[Zz]

a step D, angles of foot lift and contact with the level
ground (g, and qr); and the angles of ground initial ter-
rain (g4 and gg4r). These parameters are used to gener-
ate ankle and foot trajectory. Some of these parameters
are also illustrated in Fig. 1.

Additionally, there are two extra important parameters
which are named x,; and x.4. The parameter x4 is the
distance between the ankle joint and hip of the support
leg, horizontally, in the beginning of the double supports;
and the parameter x.4 is the distance between the hip
and ankle joints, horizontally, at the end of the double
support phase. These parameters are shown in Fig. 2.

t=KkT, t=kT+T,4 t=(k+1) T,

Fig. 2. Parameters of hip (x,q, xsq) 22

2.3 Foot Configuration

Foot plays an important role in walking. In this case,
foot parameters are shown in Fig. 3. This configuration
is similar to the humans foot. During a real walking pro-
cess foot and ankle should be concerned. Therefore, in an
ankle trajectory, this configuration is also important.

Ankle
2. ~~
'll ~\‘~
0" ~~\
L4 -~
” Ss
P | ~"~
04 an ~
l'l ~‘~\

4 e
0" ~~§
Heel % >« 3~ Toe

Iab Iaf

Fig. 8. Foot configuration 22!

In Fig. 3, [, is the distance between the ankle and the
heel, [, is the distance between the ankle and the toe;
and [,, is the height of the ankle.

2.4 Ankle Trajectory

When the foot is traveling, considering the geometri-
cal constraints and avoiding collisions, it is important to
consider (1a) and (1b) conditions for angular position and

doi:10.7575/aiac.ijaepr.v.2n.2p.1
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velocity of the ankle joints.

—qgs t=kT,

—qp t=kT.+Ty

qr t=Fk+DT.

qgf t=(k+1DT.+Ty

. 0 ¢t=FkT,
O )= {0 t=Gk+DT,.+Ty (1b)

0,() = (1a)

Horizontal and vertical displacement of swing legs dur-
ing walking is calculated from (2a) and (2b).

kD, t=FkT,
kD +1,,5in(qp)--+ t=kT.+Ty
+lqr (1 —cos(gyp))
kD, +1,, t=kT.+T,,
%=\ 442D, t=k+ 1T, (22)
_lan Sin(qf)" .
~lap (1-cos(gy))
(k+2)D, t=Gk+1DT.+Ty
hgs+lan t=kT,
hgs+lafsin(qb)--- t=kT, +Ty
+lan (1—cos(gs))
z2,(t)=< H,, t=kT . +T,, (2b)
hge +lapsin(gy)--- t=(k+DT,

+lan (1—cos(gy))
hge+lan

t=(k+1DT.+Ty

where [,, is the horizontal distance traveled between
the ankle joint and the start point when the ankle joint
has its maximum height. kg4 and Az, are the height of
ground initial terrain. Both of these two parameters are
zero because of the lack of ground’s inclination. z, is the
vertical position of the ankle.

The horizontal and the vertical velocity of the ankle in
landing are zero and therefore,

o]0 1R Ga)
W0 t=k+ DT+ T, a

o t=kT,
Z“(t)‘{o t=(h+ 1T, +T, (3b)

2.5 Hip Trajectory
The hip trajectory is calculated via (4a) and (4b).

kD +x,.q t=kT,
x,(t)={(+1)D;—x,q t=kT.+Ty (4a)
(B+1)D;+x,q t=EkR+1T,

Hhmin t=kT,
zn(t)={ Hy,,, t=kT .+ (4b)
H, t=Fk+DT.

min
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where Hj, , and Hj _ are the minimum and the maxi-
mum height of the hip, x.4 is the horizontal distance be-
tween the hip and the ankle’s joint at the time of 2T
and x4 is the horizontal distance between the hip and

the ankle joint at the time of 2T, + T'y.

2.6 Inverse Kinematics

The kinematic parameters for the seven-links biped
robot can be seen in Fig. 4. The ankle trajectory and hip
trajectory are known and therefore, the related parame-
ters of the inverse kinematics are calculated as (5), (6),
(7) and (8).

=\ o= o)+ (21— 20’ ®)
12+12-12
Tt
(1 = cos (—2111,« ) (6)
1241212
_1( "2 f 1
= _— 7
(P2 = coS ( 2050 ) (7
Y= cos ! (M) (8)
Lt

where, I7, ¢1 and y are shown in Fig. 4.

Fig. 4. Parameters of a seven-links biped robot

Equations (9) and (10) are the left shank and thigh an-
gles.

Oy =y+¢1 9)

03 =7+ s 10)

Moreover, using the similar manner, the related pa-
rameters of the right shank and right thigh angles are
obtained by (11), (12), (13) and (14).

lr = \/(xh _xar)2 + (zh _Zar)2 (11)
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1241272
al=cos™? (lzl—rl2) (12)
1tr
2122
a2 =cos™* (%) (13)
2tr
B=cos™! (@) (14)

By using (12), (13) and (14), the right shank and thigh
angles are obtained as

05=p—al (15)

0,=p+a2 (16)

This should be highlighted that angles @; and ¢ which
are calculated via (13) and (8) was infeasible to be shown
in Fig. 4.

3 Kinematic Modeling for the Biped Robot With
Arms and Forearms

The kinematic parameters for the eleven-links biped
robot is shown in Fig. 5. This figure represents the im-
provement of Fig. 3 by adding arms and forearms.

forearmg, /

<0
forearm, 4

Fig. 5. Parameters of the improved eleven-links biped robot

Therefore, all position vectors and related angles can
be obtained form Fig. 5. Position vectors for the sake of
brevity are given in the Appendix.

4 Simulation

In this section, in the first step, the simulation is per-
formed for the seven-links biped robot which was intro-
duced in section 2. After that, in the second step, by
adding arms and forearms, the eleven-links biped robot
which was introduced in section 3 is simulated. The pro-
cedure of calculation for the eleven-links biped robot’s
simulation was figured out, based on the proposed algo-
rithm for gait generation, in a humanoid robot with arms

and forearms. The flow chart of this algorithm is pre-

sented in Fig. 6.

Input walking speed
and step length

v

Input foot parameters and generate
foot trajectory by splines

v
Input hip parameters
(Hhmaxand HI"min)

Xed :0, Xsq =0

Generate hip trajectory
by splines

v

Calculating stability
margin based on ZMP

%eq=0.5 Dy
YES
N

YES

Final hip determination trajectory
in the case of largest stability

Increase Xeq

Increase Xgy

0,

arMmax

and 0

arMmax

| Trajectory Generation for 8,

v

Calculating stability
margin based on ZMP

v
Selecting best O, aNd Oz,
based on stability of ZMP
v

| Use Grorearmya AN Grorearmy, i the allowable range

Calculating ZMP

IS ZMP in
stability margin?

| Determine final value of 6;yearm

Fig. 6. Flowchart of the eleven-links biped robot’s program

A point on the ground that the summation of all
moments around it, is zero, called the zero moment
point (ZMP). This point can be calculated via (17).

I'i-Ts+T
XzZMP Z# am

where I';, T'g, I's and ¥ can be calculated from (18a),
(18b), (18¢) and (18d).

T1=) m;(gcosA+2;)x; (18a)
i=1

doi:10.7575/aiac.ijaepr.v.2n.2p.1
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To=) m;(gsind+i;)z (18b)
i=1
[5= ZIéi (18¢)
=1
Y=Y mi(gcosd+z;) (18d)
i=1

where g is the gravity acceleration, m; is the mass of the
link i, A is the surface slope and in this study its value
is zero, I; is the inertia of the link i, %; is the horizontal
acceleration for the central mass of the link i, x; is the
horizontal position of the link i, Z; is the vertical acceler-
ation for the central mass of the link i, z; is the vertical
position of the link i and §; is the angular acceleration of
the link i.

If the ZMP remains in the polygon of the supporting
legs, then the walking is stable. In order to accomplish
a stable walking, there are some important parameters
that should be Considered. Regarding hip trajectory, it is
observable that x4 and x,4 have important roles in the
trajectory of the hip joints. For each value of x;4 and x.4
, a distinct hip trajectory is obtained. Considering these
conditions, we have:

0<x,3 <0.5D, (19a)
0<x,4=<0.5D;, (19Db)

By dividing the first above distance into n equal parts
(the number of n is arbitrary), n values for x;; are ob-
tained. Using a similar manner, and by dividing the
second distance into m equal parts (the number of m is
also arbitrary), m values for x4 are obtained. Thus, for
each value of xsd, it is possible to select m values of x.4.
Therefore, the number of cases will be n x m that for each
set of xzyp can be calculated. However, it is important
to select proper values of x;4; and x.4. By iteration and
choosing different values for x4 and x.4, the number of
total iteration (NTI) is obtained as (20).

NTI=nxm (20)

Another factor that plays an important role in walk-
ing is T, that its boundary condition is defined as
037T.< T, < 041 T,.. By dividing this time, into p
equal parts, then, p values for 7', are obtained. There-
fore, the number of total iteration increases and it is ob-
tained as (21).

NTI=nxmxp (21)

By adding more links, such as arms and forearms, the
calculations are becoming more complex and time con-
suming. In order to tackle this issue, a step by step
method is proposed. It is an algorithm to choose the
suitable values in ZMP (i.e. x,q and x.4) for the eleven-
links biped robot, using the previous parameters of the
seven-links model. In this algorithm, by adding two more
links (i.e. arms) to the seven-links model, the number of
biped robot can be reached to nine-links. In this model,

doi:10.7575/aiac.ijaepr.v.2n.2p.1

Ourm,,,, 1s the angle between x axes and arm at the begin-
ning of the walking cycle and 0,,p,,,, is this angle at the
end of the step. Furthermore, O¢oreqrm,,,, is the relative
angle between arm and forearm at the start of walking
cycle and Oforearm,,, is the relative angle between arm
and forearm at the end of the step. Based on the 04y,
(.e. Ourm at t = 0), specifying 5* < 04y < § and dividing
this interval into q equal parts, then, q values for 84,1,
are obtained. Finding a suitable value for 0,,,,,,, based
on the best ZMP is important. Hence,

NTI, =NTIL, x g, (22)

where ¢ is the number of iterations related to the arm. g
defines subintervals between 0g;sp,,,,., and 04rp,,,. In fact
q is a number that divides this intervals to equal parts.
Moreover, NTI,, and NTI, are the new total iteration and
old total iteration, respectively. In the presented simula-
tion, the best 04rm,,,,, Was _3—” (natural walking). By uti-
lizing previous values of x4, x.q and T,, the new ZMP is

calculated.

Considering ZMP calculations, after adding %-links to
the robot (& is the number of added links to the robot)
with n more links, the number of links reaches to n + k.
The new ZMP is determined by using previous numerator
and denominator of ZMP equation (17). However, it needs
to be modified as (23).

(T —To+Tg) s + T — T +T3) >
XZMP .y = (23)
1//<n> + W<k>

This new ZMP is estimated by using previous numer-
ators and denominators of ZMP. Therefore, in this new
model, the number of iterations are added by the only it-
erations of new parameters.

The simulated robot parameters and their specifica-
tions are shown in Table 1. In this table, g, and g are
the lift and the contact angles between the foot and the
ground, D, is the step length which is shown in Fig. 1,
T. is the total time (single support and double support
times), Ty is the time of the double support phase, T, is
time that the ankle reaches to its maximum height, g,
and g g are the ground initial terrain angles; and /45, of
and /,, are lengths of related links in the foot and their
related links are illustrated in Fig. 3. Moreover, /,, is the
horizontal distance between the ankle joint at the maxi-
mum height and the start point, [/, is the length of the
shank’s link, ,; is the length of the thigh’s link, /., is
the length of the arm’s link, A,,;, and A,,,, are the mini-
mum and maximum height of the hip’s joint, m ;. is the
mass of ankle, I, is the inertia of ankle, 04rp,,,, is the
angle between x axes and the arm’s link at the end of the
step, O4rm,,,,, is the angle between x axes and the arm’s
link at the start of the step, Iforeqrm is the length of the

forearm’s link, m fo,eqrm is the mass of the forearm’s link,

Itorearm is the inertia of the forearm, W is the rel-
.

ative angle between the arm and the forearm at the end
of the step and [2¥™sert jg the relative angle between

armgar,
the arm and the foreart'ntl at the start of the step.
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Table 1. Simulated robot parameters and specifications

l H D m q 0 T 1
[m] [m] [ml [kg] [degl [deg]l I[s]

12

b
c 0.90
d 0.18
f 12
s 0.5
m 0.40
ab 0.10
af 0.13
an 0.10
ao 0.40 0.16
sh 0.30 5.7 0.02
ti 0.30 10 0.08
tor 0.32 43 1.40
arm 0.20 3 0.02
hmin 0.60
hmax 0.62
ankle 3.3 0.01
armeng 300

armstart 240
forearm 0.02 2 0.01

forearm,,g 0
armend

orearm
f start 45
armstart

5 Results and Discussions
5.1 Linear Velocities and Accelerations

The linear velocities of the robot’s ankle and shank
components are shown in Fig. 7 as the results of the sim-
ulation.

4
Ankle
- — — Shank
z 3 .
E,
> \
'S \
o 2r \ 1
D
> \
& \
e 1
I / | E
f 1 FERN
4 \ AN
J AN Nom T T T T
0 . = SO Lot
0 0.3 0.6 0.9 12 15 18
Time, [s]

Fig. 7. Linear velocities of ankle and shank

Results in Fig. 7 are showing that the linear velocities
of ankle and shank in their value are not huge. Moreover,
velocity curves are rough. Therefore, it causes a smooth
walking. Furthermore, the velocity of landing foot is zero
and this prevents robot from destructive impact with the
ground.

Figure 8 shows the linear velocities for the hip and the
arm of the simulated eleven-links biped robot, during 1.8
seconds of its walking process. Based of the results which
are presented in thid figure, the liner velocities of the hip
and the arm are smooth. Hence, the robot has a smooth
movement in its hip and arm.

Moreover, results which are yielded from simulation
of the linear accelerations for the hip and shank of the
eleven-links robot are shown in Fig. 9. This can be ob-

1.0
—— Hip
- — —Arm
PN
©0.75
E
2
S
£20.50
(3]
>
&
£
—10.25)

0 0.3 0.6 0.9 1.2 15 1.8
Time, [s]

0.0 L L

Fig. 8. Linear velocities of hip and arm

served that the linear accelerations of the hip and the
shank are continuous and smooth. Therefore, it prevents
the robot from the jerk related damages. Additionally,
the linear acceleration of the supporting ankle at its re-
lated time is zero and this can be noticed. The linear
acceleration of the shank during supporting phase is also
approximately about zero. This is because of that the sup-
porting foot does not move horizontally (it only swings in
this phase). As a result of its swing during support phase,
only small acceleration values are generated.

3
Ankle
- — — Shank
) ]
E
=
2
w
s OfF \/j W 4 SN m—m—_—m—_— =
(<5
5]
<
3 ]
c
£
-3 L L L L L
0 0.3 0.6 0.9 1.2 15 1.8

Time, [s]

Fig. 9. Linear accelerations of ankle and shank

Results of simulation for the hip and the arm’s lin-
ear accelerations of the eleven-links robot are exhibited
in Fig. 10.

2,
£

Linear Acceleration, [m/s?]

b) L L

0 0.3 0.6 0.9 1.2 15 1.8
Time, [s]

Fig. 10. Linear accelerations of hip and arm

Here, in Fig. 10, the linear accelerations of the hip

doi:10.7575/aiac.ijaepr.v.2n.2p.1
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and the arm are not big. Thus, huge values of the de-
structive forces cannot not occur on the simulated robot’s
joints. Ultimately, in all presented results of the simu-
lation in Fig. 7, Fig. 8, Fig. 9 and Fig. 10, a smooth and
acceptable behavior is observed.

5.2 Angular Velocities and Accelerations

Figure 11 shows the angular velocities of the ankle, the
shank and the thigh of the simulated eleven-links biped
robot. As a result, it is found that the angular velocities of
the ankle, the shank and the thigh are smooth. It should
be noted that during the supporting phase, the support-
ing foot does not rotate. Therefor, its joint (ankle) does
not have angular velocity and its value is zero.

Q
o]

Ankle
@
3
&
>
‘C
=}
D
>
5
3
| 1
~0 0.3 0.6 0.9 1.2 15 1.8

Time, [s]

Fig. 11. Angular velocities of ankle, shank and thigh

The angular velocities of arms and forearms of the sim-
ulated eleven-links biped robot are presented in Fig. 12.
The results show that the angular velocities of the arm
and the forearm are smooth and continuous. Moreover,
during the walking activity, the arm and the forearm
have a rough swing.

A
4,

Arm
- — — Forearm

Angular Velocity, [rad/s]

0 0.3 0.6 0.9 1.2 15 1.8
Time, [s]

Fig. 12. Angular velocities of arm and forearm

In addition, the angular accelerations of the ankle, the
shank and the thigh of the simulated eleven-links biped
robot are demonstrated in Fig. 13. Based on these results,
it is found that the angular acceleration is small at the
supporting phase.

The angular accelerations of the robot’s arm and the
forearm are presented in Fig. 14. This is observed that
the angular accelerations in terms of values are almost
similar in some extents. However, the forearm has a more
angular acceleration. This may be due to the fact that it

doi:10.7575/aiac.ijaepr.v.2n.2p.1
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Fig. 13. Angular accelerations of ankle, shank and thigh
is attached to the arm.
2 . . v r r

Arm
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Fig. 14. Angular accelerations of arm and forearm

5.3 The robot’s performances

The result of simulation for the eleven-links biped
robot movement, which was presented in Fig. 5, is illus-
trated in Fig. 15. In other words, this figure is showing
the stick diagram for walking of the simulated eleven-
links biped robot. It shows that the robot is walking and
during its walking cycle, the arm and the forearm have a
rotation around their joints.

Il
E_ 0.6 ‘!\!\.’ ~\\\\\\\\‘ 1

Fig. 15. The stick diagram for walking of the simulated eleven-
links biped robot

The moving types of the ZMP for the simulated robot
without arms (seven-links), with arms (nine-links) and
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with forearms (eleven-links), when the robot moves in the
distance of D, are shown in Fig. 16. The blue and the red
color lines in this figure are showing the ZMP margins;
and the green line in the middle is the mean stability line.
These lines are obtained based on the polygon of support-
ing legs in walking. Moreover, the smallest dashed line
shows the ZMP with forearm, which is the best ZMP for
this eleven-links biped robot.

0.8

Stability border

Xamp» [M]

—— Without arm
- — — With arm
--------- With forearm
0.0 L L

0 0.3 0.6 0.9
Time, [s]

Fig. 16. Moving types of the robot’s ZMP without arm, with arm
and with forearm

In addition, the best ZMP is the one that is nearest
to the mean stability border. It is because of that the
ZMP should not be out of the acceptable borders, but it
should be between the stability borders. Therefore, in
order to select the best ZMP, the distance between each
point of the curve and the middle horizontal line (green
line) should be minimum. Consequently, this is because
of that the middle horizontal line (mean of the stability)
is far from the stability margins. By adding arms, the sta-
bility of the robot increases in comparison with the robot
without arms. Besides, the robot with forearms has more
stability in comparison with the robot with arms. Finally,
by summation of all distances, it is also found that the
ZMP of the robot with forearm is the best one.

6 Conclusion

A fast method for calculating trajectory of the eleven-
links biped robot is developed based on the adjustment of
new important parameters, which are obtained from the
former studied seven-links biped robot. It is found that
by applying the suggested method for the iteration, it is
not required to use a huge number of repeats. As a re-
sult, the new ZMP can be quickly calculated. This method
was used for humanoid robots by adding arms and fore-
arms and it was able to achieve an acceptable stability for
the robot’s ZMP. Therefore, the pattern of walking for the
robot and the swinging of the arm and the forearm are
like human walking patterns. Results of the simulated
method have shown that adding arms can rises the sta-
bility of the nine-links robot in comparison with the robot
without arms (seven-links). Furthermore, it is found that
the robot with forearms (eleven-links) has more stability
in comparison with the robot with arms (nine-links).
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Appendix

Xknee,R = Xankle,R +11c08(05)
Zknee,R = Zankle,R + 11510 (05)
Xknee,L = Xankle,L +11€08(02)
Zknee,L = Zankle,L +11c08(62)
Xhip = Xankle,r +11€08(02) + 12 cos(03)
Zhip = Zankle,r T 1151n(02) + 12 5in(03)
Xior = Xpip +13c08(607)

Ztor = Zhip t I3sin(07)
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(24a)
(24b)
(24¢)
(24d)
(24e)
(249
(24g)

(24h)

Xelbow,R = Xtor T Larm COS [earm,R)

Zelbow,R = Ztor T larm sin (earm,R)

Xelbow,L = Xtor T larmcOS (earm,L)

Zelbow,L = Ztor T Larm Sin (earm,L)
Xwrist,R = Xelbow,R + lforearm CoSs (eforearm,R)
2wrist,R = Zelbow,R + lforearm sin (Gforearm,R)
Xwrist,L. = Xelbow,L + lforearm CoSs (eforearm,L)

Zwrist,L. = Zelbow,L T lforearm sin (Hforearm,L)

(24i1)
(24j)
(24k)
(241
(24m)
(24n)
(240)

(24p)
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