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Abstract 

Omni-directional walking is an important part for biped robots. Whereas, the problems of complex model, low 
stability, low flexibility, etc., existing in walking planning of biped robots, attract interests of many researchers. 
This paper proposes an adaptive omni-directional walking method with fuzzy interpolation (OW-FI) applied to a 
fast-stable omni-directional walking. A new separated omni-directional walking method consisting of straight 
walking, based on the improve Hermite interpolation, and rotation is designed to simplify the walking model and 
achieve a good key frame data selection. The mapping relationship between poses and actuators’ angular speeds is 
then constructed by walking transforming model based on kinematics. In order to implement a stable and adaptive 
walking, a fuzzy approach to walking parameters adjustment is presented, where the step length and rotational 
speed of omni-directional walking are controlled fuzzily. The results of simulations and experiments demonstrate 
that the proposed method has better properties in adaptability and stability than the competing methods. 

Keywords: Omni-directional walking, Biped robot, Fuzzy control, Hermite Interpolation, Robot kinematics. 

1. Introduction 

Nowadays, biped robots have broad application in 
many fields, such as servicing, rescuing, detecting and 
so on. Researches on biped robots have been developed 
for many years, and attract more and more interests of 
scholars. Among the robotic research fields, the walking 
planning is one of the core technologies [1-2]. 

Different from wheeled robots, the walking planning 
of biped robots is a complex model, and many 
approaches have been implemented to achieve a good 
walking. In general, walking planning methods of biped 
robots can be categorized into two areas roughly [3]: 
non-model based walking and model based walking. 
Non-model based walking, proposed in many 

researches, such as [4], [5], [6], and so on, achieves the 
biped robots walking through the historical walking data 
and does not calculate by kinematics or dynamics. In 
non-model based methods, approaches with neural 
network are usually used for the biped robots’ walking 
[5-6], where the mapping relationship between 3D pose 
of walking and angular degrees of the actuators is fitted 
through a lot of offline training of walking data. These 
methods can achieve a continuous and stable walking 
effectively. However, the large amount of walking 
training data are usually hard to be obtained. What’s 
worse, the coverage rate of domain of training data can 
affect the accuracy of fitted mapping relationship 
deeply. 
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Contrast to non-model based walking, model based 
walking, proposed in many researches, such as [3], [7] 
and so on, is based on the robot kinematics or dynamics. 
Robot inverse kinematics [8-9] is often applied to 
calculate the real-time angular degrees of actuators 
according to the 3D pose data during the model based 
walking planning instead of fitting in non-model based 
walking planning. However, the selection of 3D pose 
data is not introduced in robot inverse kinematics, 
which causes that if the pose data are not calculated 
correctly, the walking planning may be broken down. 
The 3D pose data of walking can be calculated by 3D 
inverted pendulum model [10-11] with taking the 
gravity and accelerated speed into consideration. These 
methods have a better performance in efficiency and 
stability compared with the neural network. Whereas, 
these approaches conduct the walking planning with 
open-loop control, and it may result in a poor 
adaptability faced with complex terrain. Feedback 
regulation control of walking planning are introduced in 
some researches, such as [3], [12], [13] and so on. In 
these methods, during the walking, a biped robot can 
perform a real-time correction with the feedback 
information of environment obtained by sensors. 
However, the complex model and poor generality exist 
in these method, which results in that these method may 
often be only suitable for the specific robot model. 
Walking planning based on machine learning is popular 
recently [14-15], where the learning algorithm, such as 
the reinforcement learning [16-17]. Through machine 
learning, the walking of biped robots are more flexible 
and can conduct the adaptive adjustment as the 
environment changes. Nevertheless, an outstanding 
walking planning result with machine learning may 
need a great amount of online training under various 
scenes, which will be a huge cost on time and energy. 
Approaches with interpolation also are a popular 
method in walking planning, and there are many 
different interpolation functions are used, such as the 
high-order polynomial method [18], cubic spline 
interpolation [19], B-spline interpolation [20], and so 
on. The parameters of interpolation are calculated by 
key frame data and the continuous pose data are 
calculated by the interpolation. While, like the inverted 
pendulum model, simple interpolation is an open-loop 
control method, the poor adaptability exists in 
interpolation too. 

In this paper, an OW-FI, with a high stability and 

adaptability, is proposed. The method is based on the 
Hermite interpolation [21] and adjusts the parameters of 
Hermite interpolation according to the real-time 
environmental information. In order to simplify the 
walking model and achieve a better selection of key 
frame data, a new separated omni-directional walking 
method consisting of straight walking, based on the 
improve Hermite interpolation, and rotation is presented. 
The mapping relationship from pose data to angular 
degrees of actuators is then constructed by walking 
transforming model based on robot kinematics. Finally, 
a fuzzy approach to walking parameters adjustment is 
proposed, where the relative position and the acute 
angle between a robot and a target are regarded as the 
input of the fuzzy control, for an adaptive and stable 
closed-loop walking planning. The overall method 
architecture is improved, resulting in the proposition of 
this new method architecture. 

This paper is organized as follows: Section 2 
presents the new separated omni-directional walking 
method, where the improved Hermite interpolation is 
introduced. The walking transforming model based on 
kinematics is presented in Section 3, where the key 
frame data sent from the interpolation is mapped to the 
angular degree of actuators. Section 4 presents the 
adaptive fuzzy parameters adjustment method, where 
the fuzzy control is used to conduct a feedback control. 
Simulations and real experiments are given in Section 5 
to illustrate the performance of the proposed method. 
Section 6 presents the conclusion. 

2. New Separated Omni-directional Walking of 
Biped Robot 

Considering that the traditional walking planning 
methods conduct the calculation in the Cartesian space 
directly, which causes the walking planning model is a 
little complex, the separated walking model is designed, 
which consists of straight walking and rotation. The 
straight walking and rotation are conducted in parallel 
and the final walking data can be sent to the 
transforming model to be transformed into the 
actuators’ control data. 

2.1. Straight walking based on improved Hermite 
interpolation 

As shown in Fig. 1, x-y-z is called the local 
coordinate system of a biped robot, whose origin is the 
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center of two biped robot’s feet. The calculation of 
walking planning is based on the local coordinate 
system.  

x

y

z
Local Coordinate System

 

Fig. 1.  Local coordinate system of biped robot. 

In general, the walking of biped robot can be 
divided into two phases: the double-leg support phase 
and the single-leg support phase [22]. In double-leg 
support phase, the supporting leg changes and a simple 
pose alignment is conducted. In single-leg support phase, 
in order to reduce the complexity of planning model, the 
robot leg are set to keep horizontal and a walking 
trajectory of single-leg support phase is shown in Fig. 2. 
In Fig. 2, 2d is the robot step length; h is the step height; 
the solid lines are the key frames of swinging leg; and 
the dotted lines are the key frames of supporting leg. 
 

h

y

z

Local Coordinate System

waist

ankle

 

Fig. 2.  Diagram of key frames of straight walking. 

There are many key frames calculation methods, 
such as the high-order polynomial method [18], cubic 
spline interpolation [19], B-spline interpolation [20], 
and so on. This paper introduces a improve Hermite 
interpolation, where considering the practical physical 
model of walking, the condition that the second 
derivative is zero in traditional Hermite interpolation is 
changed into that the first derivative is zero, for walking 
planning. The specific steps of the proposed straight 

walking planning based on improve Hermite 
interpolation are introduced as bellow: 
Step1. Simplify the walking model. 

Since it is a linear motion, the coordinates of the 
actuators of robot leg on the x axis are regarded as the 
same, i.e. the robot leg keeps horizontal. The walking 
can be simplified as a motion in y-z plane, as shown in 
Fig. 2. 
Step2. Calculate the key frame coordinates. 

From Fig. 2, in y-z plane, five waist points 
}4,...,1,0|),{( =izy w

i
w
i  and five ankle points 

}4,...,1,0|),{( =izy a
i

a
i  of swinging leg are selected. 

Under the premise of meeting the requirement of zero 
moment point (ZMP) [4], they can be calculated by, 
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where, wC  is a constant, which means the height of the 
waist of swinging leg in the single-leg support phase 
remain the same. 
Step3. Improved Hermite interpolation of ankle. 

The key frame coordinates are regarded as the input 
parameters of Hermite interpolation to obtain the 
smooth moving trajectory functions, as shown in Fig. 2. 
The interpolations of waist and ankle are the same, here 
take ankle as an example. 

Assuming that the moving trajectory function of 
ankle in each interval 3,2,1,0],,[ =iyy a

i
a
i  is 

)( a
i

a yIz = . According to the basic constraints of 
Hermite interpolation: 

i. In any interval, )( a
i

a yIz =  and )( ayI  is a 
polynomial of no more than three orders. 

ii. )( ayI  is a continuous function. 
iii. The first derivative of )( ayI  is continuous 

function. 
iv. The second derivative of )( ayI  is continuous 

function. 
Meanwhile, the speeds of start and end, in single-leg 

support phase, are zero. Assuming that 
4,...,1,0,)( ==′ iyI a

i
a
i ξ , hence, 00 =aξ , 04 =aξ . The 

improved Hermite interpolation formula in this paper is 
shown in (2). 

According to the constraint iv, the constraint vector 
Taaaaa ),,,,( 43210 ξξξξξ  can be calculated by (3). 

where )( 1
a
i

a
i

a
i

a
i yyy +∆+∆∆=µ ; a

i
a
i µλ −=1 ; 
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The expression of )( ayI  can be calculated by (2) 
and (3). Hence, the moving trajectory function of ankle 
of swinging leg can be calculated. 
Step4. Repeat Step3, the waist trajectory function can 

also be calculated. 

2.2. Simplified omni-directional walking 

x

y

z

v

Local Coordinate System      

ω 
x

y

z

Local Coordinate System  
                           (a)                                     (b) 
Fig. 3.  Simplified omni-directional walking model. (a) 
Straight walking model. (b) Rotation model. 

Through analyzing omni-directional walking of 
biped robots carefully, this paper discovers that the 
essence of the biped robots’ motion is a resultant motion 
of straight walking and rotation around the z axis of 
local coordinate system, as shown in Fig. 3. Thus, this 
paper proposed a separated walking model consisting of 
straight walking and rotation and the two motion are 
independent. The straight walking can be achieved by 
improved Hermite interpolation, introduced in Chapter 

2.1, as shown in Fig. 3(a). The rotation can be achieved 
by an angular velocity z

tω  w.r.t. z axis, as shown in Fig. 
3(b). At last, the calculated data of two motion are sent 
to the transforming model. 

3. Walking Transforming model based on 
Kinematics 

In order to transform the motion data, sent from the 
separated omni-traditional walking planning method, 
into actuators’ control data, a walking transforming 
model based on kinematics is designed. Different from 
the traditional inverse kinematics, the proposed model 
considers the straight walking and rotation by 
kinematics separately. A robot inverse kinematics is 
applied to transform the motion data, calculated by 
straight walking, into actuators’ control data. 
Meanwhile, the rotation data only control the actuator, 
which controls the ankle’s rotation of supporting leg 
around the z axis. Finally, the control data obtained 
from the two motion are combined together and sent to 
the robot. 

3.1. Straight walking transforming model based 
on robot inverse kinematics 

The processing of calculating the angular degrees of 
actuators of a robot’s legs according to poses of waist 
and ankle is called inverse kinematics. Since the inverse 
kinematics is relative to the concrete robot model, this 
paper conduct the inverse kinematics on a NAO robot 
platform [23-24] for an example. 
 

1

2

3

4

5

6

 
Fig. 4.  Diagram of a NAO robot’s joint model. 

The diagram of a NAO robot’s joint model is shown 
in Fig. 4. In Fig. 4, every leg has six joints, i.e. six 
actuators; hip has three actuators; ankle has two 
actuators; and knee has only one actuator. The specific 
calculation steps of right leg are: 

Published by Atlantis Press
Copyright: the authors

148



H.B Shiet al.  / Adaptive Omni-directional Walking Method with Fuzzy Interpolation for Biped Robots 

Step1. Calculate real-time pose data. 
Since the interpolation function of straight walking 

is obtained, according to the cycle times of single-leg 
support phase, the discrete real-time pose data of waist 
and ankle can be obtained from the function curve. 
Assuming that now time is t, and the corresponding 
pose data of waist and ankle are ),( w

t
w
t Rp  and 

),( a
t

a
t Rp , where w

tp  and a
tp  are the coordinates in the 

local coordinate system; w
tR  and a

tR  are the 
orientation vector. 
Step2. Calculate the knee’s angular degrees. 

The space pose diagram is shown in Fig. 5. In Fig. 5, 
six angular degrees of actuators are }6,...,1|{ =iqi

t ; rt is 
the distance vector from ankle to hip; D is the distance 
between waist and hip; A is the distance between hip 
and knee; B is the distance between knee and ankle; C is 
the distance between hip and ankle; αt is the space 
angular degree of ankle; 666 -- ttt zyx  is the local 
coordinate system of 6th actuator; and the pose data of 
six actuators are }6,...,1|),{( =ii

t
i
t Rp . 
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              (a)                            (b)                           (c) 

Fig. 5.  Diagram of space pose. (a) Space pose of one leg. (b) 
Space pose of knee. (c) Space pose of ankle. 

Consequently, 

 Tw
t

w
tt D ]00[3 ⋅+= Rpp  (4) 

 a
tt pp =6  (5) 

 )()( 636
tt

T
tt ppRr −=  (6) 

x
tr , y

tr , and z
tr  are the value of rt in three axes. 

Thus, 

 222 z
t

y
t

x
t rrrC ++=  (7) 

At the same time, according to Fig. 5(b), it can be 
obtained that, 

 )cos(2 4222
tqABBAC −−+= π  (8) 

According to (8), 4
tq  can be calculated, 

 ))2()(arccos( 2224 ABCBAqt −+−= π  (9) 

Step3. Calculate the ankle’s angular degrees. 
From Fig. 5(b), it can be obtained that, 

 tt AqC απ sin)sin( 4 =−  (10) 

Thus, 

 ))sin(arcsin( 4 CqA tt −−= πa  (11) 

From Fig. 5(c), it can be calculated that, 

 t
z

t
x

t
z

t
y

tt rrrsignrq α−+−= ))(,(2αrctαn 225  (12) 

 ),(2arctan6 z
t

x
tt rrq −=  (13) 

Step4. Calculate the hip’s angular degrees. 
The relationship between a

tR  and w
tR  are, 

 654321
tttttt

w
t

a
t RRRRRRRR ⋅⋅⋅⋅⋅⋅=  (14) 

Assuming 33321 ×ℜ∈⋅⋅= tttt RRRR , it can be 
obtained that, 

 T
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T
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T
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a
t

Tw
tt )()()()( 456 RRRRRR ⋅⋅⋅⋅=  (15) 

Then, 

 22
3111 sincos tt qq +=−RR  (16) 

 )sin(cossin 223
3212 ttt qqq −−=−RR  (17) 

 )sin(cossin2 221
21 ttt qqq −=R  (18) 

where Rij is the element of R in ith row and jth clolumn. 
Therefore, 1

tq , 2
tq , and 3

tq  can be calculated, 

 4)2)(2arcsin( 3111
2 π−−= RRtq  (19) 

 ))sin(cos2arcsin( 22
21

1
ttt qqq −= R  (20) 

 ))sin(cos)(arcsin( 22
3212

3
ttt qqq −−−= RR  (21) 

In the same way, the real-time angular degrees of 
actuators of left leg, assuming they are }12,...,7|{ =iqi

t , 
can be calculated. 
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3.2. Combination of control data 

In order to add the rotation into the walking, a 
combination method of control data is proposed. The 
real-time desired angular degrees of actuators of a 
robot’s legs, }12,...,2,1|{ =iqi

t , in straight walking, can 
be calculated according to Chapter 3.1. The real-time 
current angular degrees of actuators, assuming they are 

}12,...,2,1|ˆ{ =iqi
t  can be obtained by sensors as a 

feedback information. Thus, according to the feedback 
information, the angular speeds of actuators can be 
calculated in a closed-loop control mode, 

 12,...,1,)ˆ( =∆−= itqq i
t

i
t

i
tω  (22) 

where t∆  is the cycle time unit. 
Then, the rotational speed can be obtained according 

to Chapter 2.2, with value being z
tω  and the rotation 

only controls the actuator, which controls ankle’ motion 
of supporting leg around the z axis, i.e. 6th or 12th 
actuator. Hence, 





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+=

+=

else,

legright  is leg supporting if     
121212*

66*

ttt

z
ttt

ωωω

ωωω ，
 (23) 

Finally, the combined angular speeds, 
},...,,...,,{ 126*21

tttt ωωωω  or },...,,...,,{ 12*621
tttt ωωωω , are 

sent to a biped robot for achieving the omni-directional 
walking. 

For a more clear understanding to the separated 
omni-directional walking, the frame of proposed 
method is shown in Fig. 6. According to Fig. 6, a 
completed separated omni-directional walking can be 
constructed, and it has three parameters: step length d, 
step height h, and rotational speed z

tω . 
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Fig. 6.  Frame of separated omni-directional walking method. 

4. Adaptive Fuzzy Parameters Adjustment 
Method 

During the robot walking, in order to keep the 
stability of walking, an adaptive parameters of proposed 
omni-directional walking should be made. Simply 
speaking, since the prosed method has three parameters, 
when a robot is closed to a target, it should walk in a 
low speed, i.e. a small step length and small step height. 
On the contrary, when the distance from a robot to a 
target, the robot should walk in a high speed. The same 
situation can be found in rotation. In order to conduce 
the dynamic control, some approaches are introduced: A 
second speed regulation optimization method is 
proposed in [25] for a walking speed control where two 
speed levels are set in the robot system and the walking 
speed changes between two levels according to the 
environment information. Whereas, the control result 
may be not a continuous speed function, which may 
cause a poor stability of robot system. Proportional-
Integral-Derivative (PID) control is introduced in [26-
27], and the parameters are controlled by a PID 
controller. While, it cannot be a genetic approach to all, 
even similar, tasks, because the parameters of PID 
controller are quite circumstantial. 

This paper, combining the thought of fuzzy control 
[28-29], designs an adaptive fuzzy parameters 
adjustment method. At the same time, considering the 
proposed omni-directional walking planning method, 
the fuzzy control is divided into two independent parts: 
the adjustment of straight walking and the adjustment of 
rotation. In straight walking adjustment part, the relative 
distance between a robot and a target is regarded as the 
input of fuzzy control and the step length and height are 
the output. In rotation walking adjustment part, the 
relative acute angle between a robot and target is 
regarded as the input and the rotational speed is the 
output. Especially, the relative distance and acute angle 
can be obtained by some methods, such as image 
processing methods [30-33], localization techniques 
[34-36], mapping techniques [37-38], noise reducing 
method [39-40] and so on. 

4.1. Adaptive Fuzzy adjustment of straight 
walking 

 
The fuzzy description of relative distance between a 

robot and a target is set as “small, medium, large”. In 
the same way, the step length is described as “small, 
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medium, large” fuzzily. The corresponding membership 
function are shown in Fig. 7. 
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Fig. 7.  Diagram of Membership function of straight walking. 
(a) Distance/input membership function. (b) Step 
length/output membership function. 

In Fig. 7, l∆  and d∆  are constants, and their values 
are set according to the real environment. The 
corresponding membership functions are as bellow. 
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where )(ll
smallm , )(ll

mediumm , and )(ll
largeµ  are the 

member functions relative to the fuzzy description 
“small, medium, large” of relative distance, i.e. the 
input. 
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where )(dd
smallm , )(dd

mediumm , and )(dd
largeµ  are the 

member functions relative to the fuzzy description 
“small, medium, large” of step length, i.e. the output. 

Ns discrete points },...,2,1|{ ss
i

s NiI ==I  are 
selected from the input domain of straight walking 
uniformly. Every point has three membership value to 
the three fuzzy description of input. Hence, the input 
membership discrete matrix 

sNs
ji

s IM ×ℜ∈= 3}{IM  of 
straight walking can be calculated by, 
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Similarly, Ms discrete points 
},...,2,1|{ ss

i
s MiO ==O  are selected from the output 

domain of straight walking uniformly. The 
corresponding output membership discrete matrix 

sMs
ji

s OM ×ℜ∈= 3}{OM  can be expressed as, 
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The fuzzy rules is appointed as “If distance is large, 
step length is large; if distance is medium, step length is 
medium; if distance is small, step length is small”. 
According to the max-min compose operation, the fuzzy 
inference engine 

ss MNs
ij

s r ×ℜ∈= }{R  can be obtained 
by, 

sss
ki

s
kik

s
ij MjNiOMIMr ,...,1,,...,1),(

3
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=
 (32) 
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where ∨  is the operation to find the maximal value; ∧  
is the operation to find the minimal value. 

When a distance value 0l  is measured, it should be 
blurred into the fuzzy input vector 

},...,2,1|{ ss
i

s Nib ==B , according to the Ns discrete 
points sI  of input. In this paper, a PID-inspired blurring 
method is designed and the blurring function is, 
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where sε , which is a constant, is the range of maximal 
allowable fuzzy distance. 

According to the max-min compose operation of 
fuzzy input vector sB  and fuzzy inference engine sR , 
the calculation formula of corresponding fuzzy output 
vector },...,2,1|{ ss

j
s Mjg ==G  is, 

 ss
kj

s
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N

k
s
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=

 (34) 

The output value, relative to 0l , can be calculated 
by the weighted average method for de-fuzzy. 

 ∑ ∑= =×=
s sM

j
M
i

s
i

s
j

s
j ggOMsl 1 10 )(  (35) 

Finally, 200 sld = . Meanwhile, to reduce the 
computational complexity, this paper regards the step 
height h has a proportional relationship with step length 
d. The proportional function is, 

 maxmax dhdh ×=  (36) 

where dmax is the maximal step length and hmax is the 
maximal step height. Hence, maxmax00 dhdh ×= . The 
values of d0 and h0 will be sent to the separated omni-
directional walking for the parameter values of d and h 
in Fig. 6. 

4.2. Adaptive Fuzzy adjustment of rotation 

Like straight walking, in adaptive fuzzy adjustment 
method of rotation, the relative acute angle between a 
robot and a target is selected as the input, the rotational 
speed is selected as the output. The fuzzy description of 
input is “small, medium, large”, and the rotational speed, 
i.e. the output is also described as “small, medium, 
large” fuzzily. The fuzzy rules are the similar that “If 
acute angle is large, rotational speed is large; if acute 
angle is medium, rotational speed is medium; if acute 
angle is small, rotational speed is small”. The diagram 
of membership function of rotation is shown in Fig. 8. 
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Fig. 8.  Diagram of Membership function of rotation. (a) 
Acute angle/input membership function. (b) Rotational 
speed/output membership function. 

In Fig. 8, a∆  and ω∆  are constants, and their 
values are set according to the real environment. The 
corresponding membership functions are as bellow. 

 








∆≤
∆≤<∆∆−

∆>
=

aa
aaaaa

aa
aa

small

,              1
2, 2

2,             0
)(m  (37) 

 














∆≤
∆≤<∆−∆
∆≤<∆
∆≤<∆∆−

∆>

=

aa
aaaaa
aaa
aaaaa

aa

aa
medium

,             0
2,  1
32,              1
43, 4

4,             0

)(m  (38) 

 








∆≤
∆≤<∆−∆

∆>
=

al
aaaaa

aa
aa

large

3,             0
43, 3

4,              1
)(µ  (39) 

 








∆≤
∆≤<∆∆−

∆>
=

ωω
ωωωωω

ωω
ωµω

,               1
2, 2

2,              0
)(sµall  (40) 

Published by Atlantis Press
Copyright: the authors

152



H.B Shiet al.  / Adaptive Omni-directional Walking Method with Fuzzy Interpolation for Biped Robots 

 














∆≤
∆≤<∆−∆
∆≤<∆
∆≤<∆∆−

∆>

=

ωω
ωωωωω
ωωω
ωωωωω

ωω

ωµω

,               0
2,  1
32,               1
43, 4

4,               0

)(µediuµ  (41) 

 








∆≤
∆≤<∆−∆

∆>
=

ωω
ωωωω

ωω
ωµω

3,              0
43, 3

4,               1
)( dlarge  (42) 

where )(aa
smallm , )(aa

mediumm , )(aa
largeµ , )(ωµω

sµall , 

)(ωµω
µediuµ , and )(ωµω

large   are the member functions 
of input and output. 

Meanwhile, Nr discrete points 
},...,2,1|{ rr

i
r NiI ==I  in the domain of input and Mr 

discrete points },...,2,1|{ rr
i

r MiO ==O  in the domain 
of output are selected. Then, the input membership 
discrete matrix 

rNr
ji

r IM ×ℜ∈= 3}{IM , the output 
membership discrete matrix 

rMr
ji

r OM ×ℜ∈= 3}{OM , 
and the fuzzy inference engine 

rr MNr
ij

r r ×ℜ∈= }{R can 
be obtained according to (30)-(32). 

In the blurring phase, the measured value of angle 
0a  are blurred into },...,2,1|{ rr

i
r Nib ==B  according 

to (33) with the rε  being the range of maximal 
allowable fuzzy distance. After the fuzzy output vector 

},...,2,1|{ rr
j

r Mjg ==G  is obtained according to (34), 
the weighted average value of corresponding rotational 
speed is ors  according to (35). 

In particular, if the position of target is in the first or 
third quadrants of x-y plane, which is belong to the local 
coordinate system of biped robot, the final rotational 
speed parameter value should be 00 rs−=ω . Otherwise, 

00 rs=ω . The values of 0ω  will be sent to the separated 
omni-directional walking for the parameter values of 

z
tω  in Fig. 6. 

4.3. Frame of OW-FI 

According to the above description, the proposed 
OW-FI is completed, and its frame is shown in Fig. 9. 

In fuzzy control phase, called FCP, the environment 
feedback information is used for fuzzy control and the 
final fuzzy parameters, including the step length, step 
height, and the angular speed, are obtained. 

In omni-directional walking planning phase, called 
WPP, the fuzzy parameters are used in the straight 
walking and the rotation. 

In transforming model based on kinematics, the 
calculated improved Hermite interpolation curve of 
straight walking and rotational speeds are combined 
together to obtain the final angular speeds of actuators 
by kinematics. 

Finally, the angular speeds are sent to the robot to 
execute. 

Distance l and angle a between robot and target

Step length d, step height h and angular speed 
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Fig. 9.  Frame of proposed OW-FI. 

5. Simulations and Experiments 

In the experiments, walking test is conducted to 
demonstrate the practicality of proposed separated 
omni-directional walking method. Then, the proposed 
OW-FI, PID control [26-27], where the proportional 
control is used, and the sectional control [25] are 
compared in the Matlab, where the control output 
results are compared, real environment, where a red ball 
is selected as the target for tracking comparison, and the 
simulation platform, where a large amount of dribbling 
ball tests are implemented, to prove the adaptability, 
efficiency, and stability of proposed OW-FI. 

The experiments are implemented on the Matlab, a 
real NAO robot [23-24] and the simulation platform, 
RoboCup3D simulation platform [41], as shown in Fig. 
10. Fig. 10(a) is the real experimental environment, 
which is a mm 1010 ×  space with a green carpet, and the 
NAO robot is tested on the green carpet for tracking the 
red ball. Fig. 10(b) is the RoboCup3D simulation 
platform, where a NAO robot, which is the same as real 
NAO is built in it, and NAO robot can obtain the ball 
position through image processing. During the 
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experiments and simulations, the real-time ball positions, 
robot positions, and other information are recorded to 
conduct the comparison. At the same time, all the 
comparisons are under the same conditions. 
 

 
(a) 

 
(b) 

Fig. 10.  Experimental system. (a) Real environment. (b) 
RoboCup3D simulation platform. 

5.1. Walking test 

To illustrate the practicality of proposed separated 
omni-directional walking, the experiments are 
implement in the Matlab and a real NAO robot. The 
walking parameters are set as constants and their values 
are shown in Table 1.  
 

Table 1.  Omni-directional walking parameters. 

Identified Parameters Value 
d 0.075m 
h 0.08m 

Cw 0.27m 
z
tω  6 o/s 
t∆  0.02s 

 

In the Matlab, the planned leg trajectories are 
calculated by kinematics, as shown in Fig. 11. In Fig. 11, 
the red lines are the right leg trajectories; blue lines are 
the left leg trajectories; green lines are the waist 
trajectories; black dotted lines are the projection point 
trajectories of center of gravity. 

From Fig. 11, the projection point trajectories of 
center of a robot’s gravity are meeting the requirement 
of ZMP after analysis, and it can be obtained from the 
simulation results that the separated omni-directional 
walking can be achieved. Then, the real NAO robot is 
used for walking test, as show in Fig. 12. In Fig. 12(a), 
the robot is tested for the straight walking and in Fig. 
12(b), the robot is tested for the rotation. 
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z(m)

Projection point trajecotry 
of center of gravity

Right side view

x(m)

 
(a) 

y(m)

x(m)

z(m)

Projection point trajecotry 
of center of gravity

Right side view

 
(b) 

Fig. 11.  Walking simulation results in Matlab. (a) Simulation 
result of straight walking. (b) Simulation of rotation. 

      
(a) 

     
(b) 

Fig. 12.  Real walking test. (a) Straight walking test. (b) 
Rotation test. 
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Through testing, the average speed of straight 
walking can be obtained and its value is 0.413m/s, 
which means the moving speed of NAO robot is fast. 
The rotational speed is 5.617o/s, which is much closed 
to the setting value, 6 o/s. According to the experimental 
results, it can be obtained that the separated omni-
directional walking has a high practicality for the 
robots’ walking and simplifies the walking model. 

5.2. Fuzzy control test 

The high walking speed may reduce the stability of 
a robot, so, the fuzzy control thought is used for the 
walking speed control. The parameters of fuzzy control 
are shown in Table 2. 
 

Table 2.  Parameters of fuzzy control. 

Identified Parameters Value 
l∆  0.5m 
d∆  0.03m 
a∆  16o 
ω∆  1.2o/s 
sN  10 
sM  10 
rN  10 
rM  10 

dmax 0.075m 
hmax 0.08m 

sε  2.5m 
rε  90o 

 
From the Table 2, the input membership discrete 

matrix of straight walking sIM  and the output 
membership discrete matrix of straight walking sOM  
can be obtained by (30) and (31), as shown in Table 3 
and Table 4. 
 

Table 3.  Input membership discrete matrix of 
straight walking. 

10-2m 0 25 50 75 100 125 150 175 200 225 250 
Small 1 1 1 0.5 0 0 0 0 0 0 0 

Medium 0 0 0 0.5 1 1 1 0.5 0 0 0 
Large 0 0 0 0 0 0 0 0.5 1 1 1 

 
Table 4.  Output membership discrete matrix of 

straight walking. 

10-3m 0 15 30 45 60 75 90 105 120 135 150 
Small 1 1 1 0.5 0 0 0 0 0 0 0 

Medium 0 0 0 0.5 1 1 1 0.5 0 0 0 
Large 0 0 0 0 0 0 0 0.5 1 1 1 

 
From Table 3 and Table 4, the fuzzy engine Rs of 

straight walking can be obtained by (32). Finally, the 

fuzzy results can be calculated by (33)-(36). A linear 
growth distance values are set as the input and the 
output results under fuzzy control are shown in Fig. 13. 
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Fig. 13.  Step length results under fuzzy control. 

In the same way, a linear growth angle values are set 
as the input and the output results under fuzzy control 
are shown in Fig. 14. 
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Fig. 14.  Angular speed results under fuzzy control. 

It can be obtained from Fig. 13 and Fig. 14 that 
linear inputs become smooth curve output through fuzzy 
control, which has certain adaptability for the objects 
with complex motion models, such as robots, and could 
improve the robustness and stability of the system. 

5.3. Target tracking comparison 

     

Fig. 15.  Ball tracking photo sequence in real environment. 

In the target tracking test, as show in Fig. 10(a), red 
rolls, controlled by a person, and a NAO robot can get 
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the distance information through image processing and 
then the real-time fuzzy control is conducted. A ball 
tracking photo sequence is shown in Fig. 15. To a 
further proving for the practicality and efficiency of 
proposed OW-FI, the propose method is compared with 
PID control [26-27] and the sectional control [25] under 
the same conditions and the same ball motion 
trajectories. Especially, every methods are test for 30 
times and the final average tracking trajectories of three 
methods are show in Fig. 16 and Fig. 17. Fig. 16 is the 
average tracking trajectories of three methods and in Fig. 
16, the red lines are the ball motion trajectories and blue 
lines are the robot motion trajectories. Fig. 17 is the 
change of average distance between the robot and the 
red ball, i.e. the distance error, as the time goes. The 
positions of ball and robot are recorded every 1s. In Fig. 
17, the red line is the distance error change of OW-FI; 
the blue line is the PID control’s; and the green line is 
the sectional control’s. 
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Fig. 16.  Target tracking comparison of three methods. (a) 
Average tracking trajectory of OW-FI. (b) Average tracking 
trajectory of PID control. (c) Average tracking trajectory of 
sectional control. 

From Fig. 16 and Fig. 17, with the OW-FI, the NAO 
robot catches up with the ball after about 27 time slices; 
with the PID control, it costs about 42 time slices; with 
the sectional control, it costs about 57 time slices. And 
when the robot dribbles the ball, after catches up with 
the ball, the stable distance error is 0-0.3m with OW-FI. 
With PID control and sectional control, the stable 

distance error ranges are 0-0.7m and 0-0.8m. The above 
data means that the OW-FI can track the target more 
closely than other methods. Hence, it can be obtained 
that the OW-FI is more suitable for robots than the 
competing methods and better practicality and 
efficiency it has. 
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Fig. 17  Convergence rate comparison of three methods in 
target tracking. 

5.4. Stability comparison 

In order for a further proof in the stability of OW-FI. 
The three walking control methods, proposed OW-FI, 
PID control, and sectional control, are tested in the 
RoboCup3D simulation platform for the large amount 
of dribbling ball comparisons. The testing environment 
is shown in Fig. 10(b) and robot can find the real-time 
ball position through image processing. A dribbling ball 
photo sequence in Robocup3D simulation platform is 
shown in Fig. 18. 
 

     

Fig. 18.  Ball tracking photo sequence in simulation. 

Table 5.  Comparison of dribbling ball test. 

 Average falling Average shooting 
OW-FI 3.5 6.77 
PID control 13.33 3.12 
Sectional control 15.81 2.75 
 

As shown in Fig. 18, every method is tested for 100 
times and every time takes 10 minutes. At the same time, 
the average falling times during dribbling ball, the 
average shooting times of three method in every time 
are recorded as shown in Table 5. Especially, the 
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average falling times reflects the stability of the control 
method, and the average shooting times reflects the 
average dribbling ball speed. 

From the Table 5, the average falling times with 
OW-FI is 3.5 times, which is less than the PID control’s 
result, 13.33 times, and the Sectional control’s result, 
15.81 times. Hence, the high stability of proposed OW-
FI can be proved. According to the average shooting 
times comparison, it can be obtained that the dribbling 
ball speed of OW-FI is the most fast, the reason is that 
the OW-FI can reduce the action switching times with 
the fuzzy control. 

6. Conclusion 

Facing the problems of omni-directional walking for 
biped robots, such as the complex model, low stability, 
low flexibility and so on, an adaptive OW-FI method, 
where a closed-loop control is conducted, is proposed to 
tackle these problems. This paper introduces a new 
separated omni-directional walking method, consisting 
of straight walking and rotation, to simplify the walking 
model. Real-time pose data can be obtained from the 
omni-directional walking function, and then 
transformed into the angular speed of legs’ actuators by 
kinematics. By the adaptive fuzzy parameters 
adjustment, the walking parameters change according to 
the environment feedback information to improve the 
stability and flexibility of the robot system. The 
experiment results demonstrate the proposed OW-FI has 
better properties in stability and adaptability than the 
competing methods. This method can play a certain role 
in the development of biped robot gait planning. 
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