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Abstract. This paper proposes a new way to optimize the biped walking gait design for
biped robots that permits stable and robust stepping with pre-set foot lifting magnitude.
The new meta-heuristic CFO-Central Force Optimization algorithm is initiatively applied
to optimize the biped gait parameters as to ensure to keep biped robot walking robustly
and steadily. The efficiency of the proposed method is compared with the GA-Genetic
Algorithm, PSO-Particle Swarm Optimization and Modified Differential Evolution algo-
rithm (MDE). The simulated and experimental results carried on the prototype small-sized
humanoid robot demonstrate that the novel meta-heuristic CFO algorithm offers an effi-
cient and stable walking gait for biped robots with respect to a pre-set of foot-lift height
value.

Keywords: biped robot, meta-heuristic optimization algorithm, Central Force Optimization
(CFO) algorithm.

1. INTRODUCTION

The walking gesture of human up to now still contains many such sophisticated
concepts that the humanoid robot can not fully demonstrate. Thus the research for biped
robot walking mechanism is being developed in different directions. Several standards
have been applied to human robots to ensure stable and natural gait. Static walking
is the first applied principle, in which the vertical projection of center of mass (COM)
of the ground is always in the supporting foot. In other words, humanoid robots can
stop at any times when walking without falling apart. By its very nature, this principle
applies to slow-speed robots whereby dynamic effects can be ignored [1,2]. Researchers
then began to focus on developing dynamic walking [3]. This method allows the human
robot to speed up the pace. However, during the robot process, the robot may fall due to
environmental interference and can not stop abruptly. Therefore, ZMP-based walking is
proposed to help control and manipulate inertia [4, 5].
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Recently, several studies have focused on improving the performance of humanoid
robot walking gesture. Huang in [6] introduces a stable gait using the gaiter to use the in-
terpolation function. The method developed by D. Huan, through the GA algorithm, op-
timizes the gait generator to help robot move steadily with the least amount of energy [7].
Dip et al. [8] exhibit steady gait at constant velocity using the sine wave generator. Max-
imo et al. [9] introduced a new stable and fast model-free gait with arms movement for
humanoid robots. Khusainov et al. (2018) [10] successfully combined kinematic and
dynamic approaches in gait optimization for humanoid robot locomotion. Intelligent al-
gorithms are applied in this method to optimize the gait generator for humanoid robots
such as genetic algorithm (GA) [8], algorithm for optimal swarm (PSO) [11], modified dif-
ferential algorithm (MDE) [12,13]. Shaffi in [14] introduces the humanoid robot achieved
a stable gait by using the Fourier series gait generator. These methods used intelligent al-
gorithms to develop human robot walking movement, such as bee swarm algorithm [15],
fuzzy TS controller [16], evolutionary technique [17,18], Ant-Colony optimization (ACO)
optimized by recurrent neural networks [19], Pontryagin’s maximum principle [20] and
so on. Among various meta-heuristic approaches, the powerful potential of the CFO-
Central Force Optimization algorithm has not yet being applied to optimize the biped
robot walking gait generator.

To overcome this gap, the paper proposes a robot outlier based on the Central Force
Optimization (CFO) algorithm, based on the dynamic walking method, and use ZMP
Standard to maintain stability. The simulation and empirical results show that using the
CFO algorithm allows optimal optimization of the gait parameters for the robot to reach
steady gait with accurate foot lifting magnitude. Small-sized humanoid robot HUBOT-5
is used to verify the experimental results.

The rest of this paper is arranged as follows. Section 2 introduces the original HUBOT-
5 biped robot. Section 3 presents the new stable gait generation fot small-sized biped
robot HUBOT-5. Section 4 proposes the novel gait parametric optimization using CFO
technique. Section 5 presents and analyses the simulation and experiment results. Finally
conclusion is presented in Section 6.

2. HUMANOID ROBOT MODEL

Small-sized humanoid robot (HUBOT-5) consists of the upper torso and two legs
as described in Fig. 1. Each leg consists of 3 parts, which are femoral, legs, and foot
with a total of 6 DOF (degree of freedom), including 3 DOF at the hip, 1 at the knee and
2 at the foot. The HUBOT-5 can mimic the walking gesture of human with respect to
the front size interface (YZ - Frontal view) and the side view (XZ - Sagittal view). Total
weight of the HUBOT-5 is about 1.5 kg, including the dynamic actuator, sensor, controller,
amplifier and it has a height of about 50 cm. The HUBOT-5 is innovatively designed
to ensure full dynamic structure, with each dof is corresponding with 1 independent
actuator. The Servo DC engine HD-1501 is used as the actuator. The significant advantage
of HD-1501 servo motor is small, compact and light (60 g) with twisted momentum 17
kg. The control signal supplied to the servo via MATLAB/Simulink using the RS-485
transmission standard.
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(a) (b) Frontal Plane Sagittal Plane

Fig. 1. HUBOT-5 humanoid robot set-up with Fig. 2. Humanoid HUBOT-5 structure
12 DOF

This paper focuses on the straight walking gait parametric optimization of the hu-
manoid robot, as the upper torso is fixated and then only the 10 engines with respect to
ten DOF are being controlled and defined as presented in Fig. 2. The bounds of these
10 rotary angles depend on the real set-up of the HUBOT-5 biped and are tabulated in
Tab. 1.

Table 1. Ten angular limitations

Angle Plane Leg Joint Value
61 YZ Right Ankle —20° to 20°
6> XZ Right Ankle —30° to 30°
63 XZ Right Knee —30° to 30°
64 XZ Right Hip —30° to 30°
65 YZ Right Hip —20° to 20°
66 YZ Left Hip —20° to 20°
67 XZ Left Hip —30° to 30°
0 XZ Left Knee —30° to 30°
) XZ Left Ankle —30° to 30°
010 YZ Left Ankle —20° to 20°

3. HUMAN GAIT GENERATION FOT BIPED HUBOT-5

Four most important variables of the humanoid robot that play an essential role in
stable gait generation, including S - walking step length, H - Leg Lifting [m], h - Leg
kneeling [m] and n - Hip swinging, are clearly described in Fig. 3. In which, 40 represents
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the height of the torso, d1 is the distance between the 2 dof at the knee joints, 42 is the
length of the leg, d3 is the length of the femoral and d4 represents the distance between 2
hips.

P5(v,z)

di+d2+

Proz) WAQPI002) N PI(2)
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: S
Frontal Plane Sagittal Plane

Fig. 3. Four variables influence the human walking gait of humanoid robot HUBOT-5

As described in Fig. 3, the total three trajectories of biped, including hip trajectory
P5s = [DPsy, Psy, Ps;] and ankle trajectory Py = [Py, Piy, Pi;] of the supporting leg, and
ankle trajectory Pjp = [Ple, Py, PlOZ} of the moving legs, will depend on 4 variables (S,
H, h, n) with respect to both of the frontal (YZ-Frontal View) and sagittal (XZ-Sagittal View)
interface. The three selected trajectories Py, P5, P1g are considered as sine-time dependent,
and described in Egs. (1), (2) and (3) (see additional works at [21]).

Ppa (£) = gsin E (t - Z)} (u(t— 2T — u(t — )],
Py () = wfu(t — 2T) — u(t - T)), 0

Py, (t) = Hsin [n (Pl’fs(t) - 0.5)] [u(t —2T) —u(t - T)],
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In which, T represents the time to perform a step of the humanoid robot, w represents
t if 0<t<T 0 if t<0
t — T otherwise and u (t) = 1 otherwise °
From Egs. (1)—(3), both of hip and ankle trajectories of the supporting leg and ankle
trajectory of the moving leg are used to generate walking gait for the humanoid robot.
Finally, the trajectories of the ten angular joints located at the 2 legs in one walk-
ing interval cycle can be defined from P; = [Piy, Py, P1;| , Ps = [Psy, Psy, Ps;] and Pp =
[Plox/ Py, Ploz} , and based on the biped inverse kinematics. The biped inverse kinemat-
ics can be conventionally solved by calculus or numerical methods. However, in this
section, the geometric method based on the HUBOT-5 robot rotary joint will be shown,
as described in the Eq. (4).

the distance between 2 legs, T =

Frontal Plane Sagittal Plane

Fig. 4. Variables defined in formula (4)
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In which, y;(£),z (t),yr(t), 2, (t),0a (t),08(t),0c (t),0p (), x; (t), % (t),1; (),
I, (t) at specified time f, are defined as in Fig. 4 and Eq. (5); represents the distance be-
tween P, and Py, represents the distance between Pg and Py.

01 () = arctan (y’(t)> 05 (t) = —01 (1),

X]

z (t)
610 (f) = arctan <Z 8) . 06 (H) = —010 (1),
05 (t) =m—0a(t), 0s(t)=m—0c(t), @)
04 (1) = 5 — 04 (£) + 05 (£) — arcsin (’l‘l’ ((:))) ,
07 () = g —0c (t) + 6p (t) — arcsin <7:<(:))> ,
02 (t) =03 (t) — 04 (t), 611(t) =09 (t)—067(t),

= Psy — Py, y1=DPsy— Py, z=DP5;— Dy,

2
b=\ (Pax — Po)® + (Pay — Pay)? + (Pae — Pz)?,
Xr = Pex — Prox,  Yr = Poy — Proy,  zr = Poz — P10z,

b= (P = Poc) 4 (Pry — Poy)* + (P — ), )

B2Lg2_12 .
64 = arccos <2+3l> , 05 = arccos <d3511’1(9A)> )

2d,d3 I

2dyd3

2 2 _ 72 .
0c = arccos (W> , 0p = arccos (dBSln(eC)> .

I

In which dq,dy,ds and d4 are illustrated in Fig. 3. The coordination Ps(x,y,z) is
calculated based on Ps(x,y,z), and the coordination of [P (x,y,z), Pa(x,y,z), P7(x,y,z),
Py(x,y,z)] is calculated based on [Py (x,y,z), P5(x,y,2), Ps(x,y,2), P1o(x,y,z)] and the ro-
trary angle [61, 05, 06, 019]. Egs. (6) below are used to determine, Py, Py, Ps, P7, Ps.

P2x = PlX/
Py = Psy,
Py = Psy,
P7; = Pey,
Py, = Ple/

Py, =dycos(01), Py = Py sin(6;),

P4Z = P52 - d4 CcOs (91) ’ P4y = P5y - (P5Z — P4Z) sin (91) ’
P6y:P5y_w/ Ps; = Ps;, (6)
P;, = Ps; —dycos (610), Pry = Psy — (Psz — P72) sin (610) ,

Py, = Pyg; +dgcos (010), Poy = Proy + (Po, — Proz) sin (61) .

In summary, using Eqs. (4)-(6), the ten trajectories of the rotary angles located at the
2 legs of biped HUBOT-5 in one interval walking cycle are computed to accurately and
efficiently control the biped walking gait.

Thus the set of four parameters H, /1, s and n need to be optimally selected so that the
resulted ZMP parameter ensures that the biped robot can walk steadily with the preset
foot-lift value. In this paper the CFO-Central Force Optimization algorithm is used to
satisfactorily solve this task.
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4. GAIT PARAMETRIC OPTIMIZATION USING CFO

4.1. CFO algorithm

The CFO was first introduced in 2007 by R. A. Formato [22]. The algorithm is a
somewhat new optimization technique which is nature-based, multidimensional, meta-
heuristic, and based heavily on the gravitational kinematics concept, for example, object
fly through space. Unlike other evolutionary algorithms (GA, PSO), CFO does not con-
tain random characteristic, and that makes the CFO deterministic.

Concretely the proposed CFO algorithm consists of following steps:

(1) Calculate initial posision of probe, evaluate their value and their accelerations,
then compute their mass.

(2) Based on the evaluated acceleration, find new position of the probes.

(3) Check if each probe mass and position is located inside the decision space, or
whether is it converged.

(4) Update the fitness value with new position.

(5) Update acceleration.

(6) Loop until stopping criterion is satisfied.

It is also important to notice the followed CFO notable parameters:

o Alpha coefficient represents the influence of probes to each other, using the dif-
ference of mass. The lower alpha is the less effect that probe with approximate
mass will influence each other.

e Beta, as distance extended, determines the remaining influence of probes to each
other in space. The lower beta is the more effect one probe can have to others as
great distance.

e Gamma, simply determines accelerations, the higher gamma is, the faster the
probe accelerate. This can be good when the user want to quickly find the opti-
mal solution. However, this may have a bad effect on the convergence charac-
teristics.

4.2. Specification of the objective function

The objective function must be defined to evaluate gait parameters of the humanoid
robot. The goal of the HUBOT-5 biped robot is to achieve a stable gait with preset foot-
lifting value. For this purpose, the ZMP point projection on the foot area based on the
ZMP principle will be used.

When the feet touch the ground, the area of the supporting foot is the area between
the two feet of the human robot, and when one foot touches the ground, the foot area is
the surface of the foot touching the ground. The supporting foot area in the two cases is
illustrated in Fig. 5.

The zero moment point ZMP is a point in the plane where the total external torque
applied to the humanoid robot at this point is zero. Then if the ZMP is within the area of
the supporting leg, the robot does not fall. The calculation of the ZMP trajectory of biped
robots in walking is shown in Section 4.3.
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(A) (8)

Fig. 5. Area of the supporting foot in cases: (a) 2 foot on the ground, (b) 1 foot on the ground

The sum of the squared distance from the ZMP to the center of the supporting foot
in 1 step walking of biped HUBOT-5, see Eq. (7), represents the first objective function.

T
h= / V XZpp + Youp dt, )
0

with T denotes stepping cycle and (xzyp, yzmp) denotes the coordination of ZMP in the
process of the biped robot performs the step. The smaller f; is the more stable the gait
will become.

Additionally, for the humanoid robot to follow the pre-set foot-lifting height value
—H,.r , the difference between the magnitude of the foot-lift parameter - and the foot-lift
preset value —H,.r (see Eq. (8)) represents the second objective function. Eq. (8) means
that the smallerf, is the more strictly the lifting magnitude H can follow Hy,.

f2: ’Href_H‘- (8)

Thus, in order for biped HUBOT-5 to obtain a steady gait with the foot-lift set up in
advance, we find the minimum value of the two objective functions f; and f,, or similarly
to find the minimum of the function f as

T
f=A (/ \/ x%MP"’y%MPdt) + (1= A)|Hys — HJ. )
0
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In which, A (0 < A < 1) is optimally selected as to prioritize between the walking sta-
bility (A increase) and the variance with the desired foot-lifting magnitude (A decreased).

4.3. ZMP trajectory calculation

The ZMP trajectory resulted from calculated ZMP point which is computed using
Eq. (10) [6]

Yiam (24 §) xi — Lig mi¥izi — Yiq Ly Qiy
Yiimi (2 +8) '

Y mi (Zi+ 8) vi — Lyt mifizi — Yieg Qi
imq mi (2 +8) ‘

XZMP =
(10)

Yzmp =

In which, m; represents the weight of the i'" stage and (x;, v, z;) is the coordinates of the
center of the i’ stage in the Descartes coordinate system, I;; and I;y denote properties of
the inertia momentum, €);, and (")iy are the acceleration properties of rotary angle around
x and y at the center ith joint, ¢ denotes gravitational acceleration, (xzup, Yzmp) represent
the ZMP coordinations.

For biped HUBOT-5, the weight of the links is concentrated on the mass of the joints,
so the center of the joint is considered to be located at the end of the joint. Thus, the iner-
tial moment term of Eq. (10) is considered zero, then the Equation for ZMP is calculated
as (11)

Yica mi (Zi+ 8) Xi — Yoy mi¥izi
Lomi (Zi+
Y1 (Zzzi g) éz‘ - Zgg:l mifjiz; &
Yiami (2 +g)

In (11), the mass distribution m; and coordinates (x;, y;,z;) of the stages are defined

in Fig. 6.

XZMP =

Yzmp =

m0, POz

mo0, Por m5, P5¢

m7, P7t m4, P4:

mS8, P8t ‘ . m3, P3:

m9, P9: m2, P2t
mli0, PI10: mli, Pit

Frontal Plane

Fig. 6. The mass distribution and coordinates of the stages
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The coordinates P (x,y, z) of the joint are determined from the 10 angles of rotation
at one time in one step with the original coordinatation at the center of the suppoting foot
by means of the geometric Equation (12)

Pyt (t) =0, Plyt (t) =0, Pz (t) =0,
Pth (t) = Plxt/ PZzt (t) = d1 COs [91 (t)] /PZyt (t) = PZzt (t) sin [91 (f)] ’
P3xt (t) = dz sin [92 (t)] ’ P3yt (t) = P3zt (f) sin [91 (t)] ’
PSzt (t) = PZZt ( ) + dz COs [92 (t)] COs [91 (t)] ,
P4xt (f) = P3xt ( ) + d3 sin [92 ( ) - 93 (t)] ,
P4yt (t) = P4zt (t) sin [91 (t)] P
Payp (t) = Psye (t) +dscos [0 () — 03 (t)] cos [0 (1)],
Paxt (£) = Pyt (£) + dasin [0 (£) — 05 (£) + 05 (£)],
Psyr () = Psy (£)sin [0 ()],
Psyy (£) = Pyt (£) + dg cos [0z (£) — 05 () + 05 (£)] cos [6: ()],
P6xt (t) = PSxt (t) Péyt (t) = PSyt (t) —w, pézt (t) = PSzt (t) ’
Pyt (t) = Pext (t), Prat (t) = Pz (t) — dycos [0 (t)],
P7yt (t) = Péyt (t) [Pézt (t) — P7zt (t)] sm [96 (t ] (12)
Pgyt (t) = Pyt (t) + d3 sin [07 (t)]
PSzt (t) = P7zt (t) d3 COSs [97 (t)] CcOS [96 (t)]
Pyi (£) = Pryt (t) — [Przt (t) — Pazr (£)] sin [06 (£)],
P9xt (t) = P8xt (t) + dz sin [97 ( ) — 98 ( )] ,
Pozt (t) = Pazt (t) — dz cos [07 (t) — 05 ()] cos [0 (t)],
Poyi () = Pryt () — [Przt (£) — Po ()] sin [ ( )],
Proxt (t) = Praxe (t) +dysin [07 (t) — 98 () +61(t)],
PlOzt (t) = P9zt (t) dl CcOoS [97 (t) (t) + 99 (t)] COs [96 ( )]
Proys () = Prys (t) — [Pra (t) — Plozt( )]PSIH (66 (f)I]D,
Psy; Pt t +
Poxt (t) = 5 (¢ );dé (t ),Plyt(t) = (* >2 byt ( ),
POzt (t) = PSZt (t) + ?0

In which, dy, d1,d3, d3 and dy are illustrated in Fig. 3.
Finally, the flow chart used to calculate the ZMP trajectory based on the optimal set
of four gait parameters of the humanoid robot is illustrated in Fig. 7.

5. SIMULATION AND PRACTICAL EXPERIMENT RESULTS

The simulated and experimental results are fully tested on the small-sized HUBOT-
5 biped robot. The physical parameters of the HUBOT-5 biped robot are presented in
Tab. 2.

In order to find the most appropriate value for the coefficients A of the objective
function in Eq. (9), based on CFO algorithm, it optimally selects A = 0.4 which permits
the HUBOT-5 biped robot attaining a steady gait with an adjustable foot-lift value, and
this A value will be used thorough the comparative testing process using GA, PSO, MDE
and CFO.
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Fig. 7. ZMP calculation flow chart

Table 2. Physical parameters of Table 3. Bounds for 4 walking gait paramteres of hu-
biped HUBOT-5 manoid HUBOT-5
Parameters Value Parameters Lower Bound Upper Bound
do 6.000 cm S-Step length 1.5cm 25 cm
dq 4254 cm H-foot lifting 0.1cm 10 cm
dy 9.109 cm h-kneeling 0.1cm 1.5cm
d3 8.063 cm n-hip swinging 0.1cm 10 cm
dy 9.345 cm
w 8.640 cm
m;
{i:O...lo 60 gam

For optimal test based on GA, PSO, MDE and CFO optimization algorithms, the gait
parameters derived from the biped HUBOT-5 are limited as given in Tab. 3.

The mathematical properties of GA, PSO, MDE, and CFO optimization algorithms
are meta-heuristic algorithms, so each algorithm will perform 10 different training times,
with each training will repeat 500 times (N = 500) using the same population size
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(NP = 32) and the same number of variables (n = 4). Tab. 4 eventually presents the
GA, PSO, MDE and CFO selected parametric values.

Table 4. Parameters of GA, PSO, MDE and CFO algorithm

Method Paramters Value
GA Mutation (F) 0.4
Crossover Probability (CR) 0.9
PSO Accelaration factor (C;) 2.0
Accelaration factor (Cy) 2.0
Inertia Weight (w) [0.4;0.9]
MDE Mutation value (F) Random [0.4; 1.0]
Crossover Probability (CR) Random [0.7; 1.0]
CFO Alpha 0.25
Beta 0.35
Gamma 0.95
Frep 0.5
deltaFrep 0.05

Specify the foot-lifting height of HUBOT-5 being H,.r = 20 mm. Fig. 8 illustrates the
mean value of the target function after 10 runs of each algorithm (GA: green, PSO: blue,
MDE: red, CFO: reddish purple).

Fitness convergence

17.5 T

average fitness convergence-ga

average fitness convergence-pso

average fitness convergence-mde

average fitness convergence-cfo

16.5

Fitness Value
>

15.5

14.5 *  E—
100 10" 102
Generations

Fig. 8. Mean value of f
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Derived from Tab. 5, the optimum set of parameters for the biped HUBOT-5 con-
formed to the objective of 10 runs per GA, PSO, MDE and CFO algorithms is shown in
Tab. 5. Fig. 9 shows resulted comparative ZMP and COM trajectories when HUBOT-5
steps along with a stepping cycle (T = 2 s) with respect to the configurations based on
GA, PSO, MDE and CFO algorithms, respectively.

Table 5. Resulted parametric set for four comparative algorithms

Hyef =2 cm
Walking Gait Parameters value Best firness
Agorithms
S (cm) H (cm) h (cm) n (cm) value f (cm)
GA 15 1.99 0.82 6.99 14.87
PSO 15 2.00 0.8 6.89 14.87
MDE 15 2.00 0.8 6.89 14.87
CFO 15 2.00 0.89 6.99 14.87
ZMP & COM
10 T T T T
COM-GA
ZMP-GA
* COM-PSO
sL| © zmp-Pso |
% COM-MDE
% comcro
—_ 0 B )
B
>l /// |
10 F 1
-15 :
-15 10 5 0 5 10 15 20

X-axis(cm)

Fig. 9. Resulted comparative ZMP and COM survey

The optimal set of parameters for four comparative algorithms presented in Tab. 6
shows that the target is reached with respect to the preset foot-lift value. The ZMP and
COM trajectories corresponding to each of the four comparative algorithms presented in
Fig. 9 shows that they are always within the footprint and this means that biped HUBOT-
5 are achieving steady-state stable and robust walking.

Based on the results described in Fig. 8, it is important to notice that the MDE algo-
rithm searches for an optimal solution with an average value of 14.8706499 after about 119
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generations, while the PSO algorithm is approximately 211 generations after the search,
finding an optimal solution obtained an average value of 14.88034529, while the GA al-
gorithm must need around 470 generations to find the optimal solution with an average
value of 14.9039. The proposed CFO algorithm finds an optimal solution of 14.93174983
after an average of 89 generations. These results show that the CFO algorithm outper-
forms GA, PSO, and MDE algorithms in terms of convergence speed.

Tab. 6 demonstrates the optimized value of the walking gait parameters to ensure
the biped HUBOT-5 to walk steadily with both cases corresponding to differnet preset
foot-lift magnitude. (H,.f = 2 cm and H,,y = 4 cm) using CFO.

Table 6. The optimized value of the walking gait parameters

CFO optimization results

Her (cm
ref (cm) S (cm) H (cm) h (cm) n (cm)
2.0 15 2.0 0.89 6.99
4.0 15 4.0 1.09 7.12

Fig. 10 illustrates the 2D gait in the X-Z plane of the HUBOT-5, corresponding to two
cases with different foot lifts. Tab. 6 and Fig. 11 show that the biped HUBOT-5 has a
pickup lift in the set value.

3D 2D
251 % COM 257
ZMP
Leg Left JANAE AR
i | Leg Right i i 2
- = I
(AN
i
AR 1
15 15| \\\
§ s b
2 L i /
x 3 y
® © /, /
N0 N 10 L i
I 1
5 B 5 L
0 [ 0 L
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
X-axis(cm) X-axis(cm)

Fig. 10. Simulated 2D gait result of biped HUBOT-5 with different foot-lifting amplitudes
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Fig. 11 illustrates the resulted ZMP point trajectory and the projection of COM trajec-
tory for two different foot-lifting amplitudes. This shows that the ZMP point is always in
the supporting foot area and then it ensures that the HUBOT-5 biped robot keeps stable
walking.
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Fig. 11. Resulted ZMP and COM trajectories

Using ten rotary angular values to control the biped HUBOT-5, it performs two cor-
responding steps with two different foot-lift values. Fig. 12 illustrates the photos of the
HUBOT-5 biped robot in performing a stable and steady walking step with respect to the
foot-lift value H,,r = 4 cm.

Fig. 13 demonstrates the ten rotary angular trajectorial errors in one stepping cycle
of the two legs of experimental biped HUBOT-5 (6;, 62, 03, 64, 05, 86, 67, 03, 09, 019) during
walking with optimally resulted sets of gait parameters in term of pre-set foot-lifting
value H,,y = 2 cm (tabulated in Tab. 6).

The simulation and experiment results abovementioned convincingly ensure that the
HUBOT-5 biped robot steadily walks without falling apart and keeping pace with desired
foot-lift amplitude. Hence the proposed algorithm with gait parameters optimized by
CFO algorithm is quite feasible.
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Fig. 12. Photos of experiment biped HUBOT-5 performing stable gait
with foot-lifting amplitude of H,,y = 4 cm

06(rad) 05(rad)
0.1 0.1
] Yot I T S et
5 i
0.1 0.1
0 50 100 150 200 0 50 100 150 200
07(rad 64(rad
0.1 {rad) 0.1 {rad)
g 005 2 005
w i
0 0
0 50 100 150 200 0 50 100 150 200
) %1016 68(rad) ) %1018 #3(rad)
5 s
g o W‘WW’WM—N%WA—“WWW £ 0 'U‘V\FV—FVMV\/LWV'U‘W—WWJMWWV‘W(—%
fim} w
2 2
0 50 100 150 200 0 50 100 150 200
09(rad) 02(rad)
0.05 0.1
e o VNSV £ 005
i i}
-0.05 0
0 50 100 150 200 0 50 100 150 200
010(rad) 01(rad)
_ o1 0.1
e s
50 £ 0
w w
0.1 0.1
0 50 100 150 200 0 50 100 150 200

Steps Steps

Fig. 13. The ten rotary angular trajectorial errors of two legs
of experiment biped HUBOT-5 (H,,s = 2 cm)
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6. CONCLUSION

In this paper, we propose a new study using the CFO algorithm as to optimize the
parameters of walking pattern generation for biped robots that permits stable and robust
stepping with pre-set foot-lifting magnitude. Completed experiments are determined
based on novel gait generator of the two-foot trajectory, hip trajectory and the inverse
kinematics collected from the human robot walking. The stable gait generation of biped
robot is determined based on four key biped walking parameters: walking step length,
leg lifting, leg kneeling, and hip swinging. The CFO optimization algorithm is applied
to find the best solution for human robotic gait parameters so that the ZMP distance
to the center of the supporting foot attains the smallest with respect to the preset foot-
lifting value. The simulated and experimental results of proposed algorithm applied on
the small-sized biped HUBOT-5 robot demonstrate the performance of novel algorithm
allowing the biped robot to move steadily with an effectively reduced training time.
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