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LlAnkle = —ZIKnee — ZIHipB (4.23)
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Control Small biped Robot

Gait Generation

Inertial Sensor

Pressure Sensor
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. Gait Generation

! 2 g g g 5 g g Call Port | Initial Position | Cloze Port |
T T u u u T L
Smoothly and slowly Test
Maotor Position Start Position End Speed
Mo |u |u |1-1nun
Test |
u u T T T u R
H BH B B B B B B
127 127 127 127 127 127 127 127
~ Body Attitude and Trunk Motion Static Gait
Acceleration Sensor |Status Gel Value | Speed : |50
Body Attitude (v-Axis) I|ﬂngle Degree Initial | Stepl | Step2 | Step 3|
Body Attitude (¢-Axis) Ilangle Degree Step 4 | Step 5 | Stepb |

Trunk Motion in the :
Lateral Plane (Y-Axis) : Label? Brariival |
Sagittal Plane (%-Axis) : Labeld
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inj ADXL202 -Timer

connect
comi j dizzonnect |

| g2 9600 bit/s for old boards and
38200bit/s far newer revisions,

Timer for reading values

[T Intersal Timer iz OFF

Interval [ms] W

IDlsccnnected!

~ADXL202 readings
Fead single data
[= Cuie Calculation ON

—window for Cue Calculation

no. walues |2|:|
update [miz] |‘|E|E||j

Average of X I:’;
Range in X [max-min] ISH Range in Y [max-min] Igf“

abszolute Delta in X

# Zero croszsing in X IZM # Zero croszing in 'Y IZJ“

Axis X [- Axis Y [7

Average of Y IIT.
i abzolute Delta in Y I'-'IEIJ
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Value  [Undef [Undef [Undef [Undef |[Undef [Undef [Undef |[Undef
Right Leg
Channel [Undef [Undef [Undef |[Undef [Undef [Undef [Undef [Undef
Value |Undef [Undef [Undef [Undef |Undef [Undef [Undef |[Undef
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if x3(k) is NB and x6(k) is NB then x_,,(k +1) = 0.37x3(k) +0.05x6(k) +2.14,
if x3(k) is NS and x6(k) is NB then x_,,(k +1) = 0.91x3(k) + 0.06x6(k) + 0.23,
if x3(k) is Z and x6(k) is NB then x_, ,(k +1) = 0.40x3(k) +0.03x6(k) + 5.63,

if x3(k) is PS and x6(k) is NB then x_,, (k+1)=0.83x3(k) +0.09x6(k) + 0.03,
if x3(k) is PB and x6(k) is NB then x,,,,(k +1) = 0.46x3(k) + 0.02x6(k) +1.11,

if x3(k) is NB and x6(k) is NB then x_,,(k +1) = 0.37x3(k) + 0.05x6(k) + 2.14, and etc.

S x3(k) is NB and x6(k) is NB then y,,  (k+1) =0.24x3(k) + 0.05x6(k) +1.29,

if x3(k) is NS and x6(k) is NB then y., (k+1)=0.31x3(k) +0.11x6(k) + 0.45,

if x3(k) is Z and x6(k) is NB then y_, (k+1)=0.32x3(k)+0.07x6(k) +4.80,

if x3(k) is PS and x6(k) is NB then y,,,, (k+1)=0.11x3(k)+0.12x6(k) +5.01,

if x3(k) is PB and x6(k) is NB then y_, (k+1)=0.67x3(k)+0.09x6(k)+2.3,

if x3(k) is NB and x6(k) is NB then y,, (k+1)=0.45x3(k)+0.23x6(k)+6.67, and etc.
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Abstract:

This paper presents a bipedal gait synthesis technique based on an adaptive neuro-
fuzzy controller. At first, we developed an architecture which generates trunk trajectory in
sagittal plane and lateral plane. Our proposed gait synthesizer was trained through sets of a
Zero Moment Point (ZMP). In this paper, we experimented on an 8-link biped robot
walking in sagittal plane and lateral plane. The robot is both headless and armless. The
hierarchical control software for the biped robot was developed using MATLAB,
SIMULINK, Fuzzy Logic Toolbox and Neural Network Toolbox. The main contribution
of this paper is a general neuro-fuzzy synthesis of using gait generating algorithm. This
algorithm implementation leads to a dynamic bipedal walking without requiring for
dynamic equations and nominal data.
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Abstract: This paper presents a bipedal gait synthesis
technique based on an adaptive neuro-fuzzy controller. At
first, we developed an architecture which generates trunk
trajectory in sagittal plane and lateral plane. Our proposed
gait synthesizer was trained through sets of a Zero Moment
Point (ZMP). In this paper, we experimented on an 8-link
biped robot walking in sagittal plane and lateral plane. The
robot is both headless and armless. The hierarchical control
software for the biped robot was developed using
MATLAB, SIMULINK, Fuzzy Logic Toolbox and Neural
Network Toolbox. The main contribution of this paper is a
general neuro-fuzzy synthesis of using gait generating
algorithm. This algorithm implementation leads to a
dynamic bipedal walking without requiring for dynamic
equations and nominal data.
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1 Introduction

Bipedal walking robots have been studied by
researchers for about three decades. Summarized
discussions of the early history of bipedal walking
machines have been reported in Todd[1] and
Raibert[2]. Control approaches developed for bipeds
are generally based on simplified robot dynamics
[3,4]. Other investigators have benefited neural
network as an on-line control method. Benbrahim
and Franklin [5] have used a reinforcement learning
for biped dynamic walking. Miller et al. [6]
combined standard supervised and temporal
difference learning schemes in order to achieve an
on-line gait adaptation for a simulated
two-dimensional biped with massless legs. Adaptive
learning control approaches with neural networks i.e.
Radial Basis Function Neural Networks and
Cerebellar Model Articulation Controller (CMAC)
Neural Networks have been developed in order to
accommodate nonlinear dynamics and disturbances
from environment [7,8]. However, it is difficult to
maintain stable and smooth locomotion while the
biped is in a dynamic walking mode.

In this paper, we propose an supervised
learning based on neuro-fuzzy gait synthesis strategy
for a biped walking robot. The architecture is applied
to our eight Axis experimental bipedal robots,
walking in the sagittal plane and leteral plane. we
will illustrate and discuss several ways of
implementing the architecture for steady walking.
Then, we will extend its to a 14 axis bipedal robot.

In the following section, we introduce the
model of the biped robot, its gait and a relevant
control system structure. In the third section, Our
Neuro-Fuzzy Controller based on Adaptive
Neuro-Fuzzy Inference System is described.
Moreover, in this section, a learning-based
neuro-fuzzy gait synthesis scheme is also proposed
for a biped walking robot. We then demonstrate how
this gait synthesis method could be used for dynamic
balance of the trunk sagittal plane and lateral plane.
In the fourth section, experimental results of the
fuzzy gait synthesis and neuro-fuzzy gait synthesis
by the optimize learning are presented and compared.
Finally, we discuss our some concluding remarks.

2 Robot Design and Dynamics of the biped
locomotion

M. Vukobratovic [8] is credited for formulating a
theoretical foundation of the biped robot locomotion.
He numerically calculated the general trajectories for
a stable biped locomotion, dividing the general
stability into three groups: body stability, body path
stability, and gait stability. He also introduced the
concept of a Zero Moment Point (ZMP) and the
method of compensative inverted pendulum stable
walking. The model that he used had six degrees of
freedom (DOFs). Kato [9, 10], using Vukobratovic's
ideas, built a robot called WL-12R. This biped robot
has eight DOFs and has trunk, acting like an inverted
pendulum. The motion of the inverted pendulum
helps matching the actual and the desired ZMP. This
upper body movement is very important because the



position of the ZMP is used to achieve the stability of
walking. Although the robot's walking is stable on a
smooth ground profile, it is unable to walk on an
uneven ground since the calculation of their control
scheme assumes a simple model and is very time
consuming. To solve this problem, Kato added a
learning control algorithm of the compensatory trunk
motion [11].

In this paper, we simplify an experimental biped
robot to an eight link model on a study robot walking
in sagittal plane and lateral plane (see Fig 1). The
robot is also headless and armless. Each leg has three
active DOFs of which one DOF is available at the
knee (x1,X4), ankle(x; ,Xs), hip (X3,%¢) and two DOFs
at trunk(x7,xs) It has a total weight of about 1.5 kg
(see Fig 2).

A A

(b) Lateral plane

(a) Sagittal plane

Figure 1. 8 —link biped model
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Figure 2. Experimental biped robot

Various approaches exist for modeling the
multibody system (MBS) dynamics of a
tree-structured legged robot, subject to unilateral
contact constraints. They deal with quite different
characteristics regarding efficiency and accuracy in
simulation and optimization. Our selected MBS
modeling and computational approach relies upon
the Articulated Body Algorithm (ABA) due to its
superior modularity and computational efficiency for
high dimensional systems [12].

The basic equations of motion are general for a
rigid, multibody system experiencing contact forces

G=M@q) " (Bu=-Clg.9)~g@)+J. (@) f)and (1)
0=g.(9)
Where N equals the number of links in the

system, m equals the number of actively controlled
joints, M eR™ is the square, positive-definite

mass-inertia matrix, CceR" contains the Coriolis
and centrifugal forces, geR" the gravitational

forces, and 4(r) e R™ are the control input functions

which are mapped with the constant matrix B e R
to the actively controlled joints. The ground contact
constraints g, € R™ represent holonomic constraints

on the system from which the constraint Jacobian

may be obtainedJE: % g while f eR™ is the
q

ground constraint force. q, q’, and q” are the

generalized position, velocity and acceleration

vectors respectively.

Depending upon whether a statically stable or
dynamically stable biped gait is desired, the
optimization problem formulation will have
different periodicity, symmetry, and kinematic phase
boundary constraints depending on the foot contact
positions (Fig. 3). The number of phases may also
differ. We model the static and dynamically stable
gaits as follows.

Figure 3. Three Phases of Dynamic Gait with
Different Foot Contact Positions for Leg 1: (1)
Heel Roll, (2) Flat Contact, (3) Toe Roll

Statically Stable Gait:

1: Foot 1 has a flat contact, Foot 2 is swinging freely.
2: Foot 1has a flat contact, Foot 2 has a flat contact.
Dynamically Stable Gait:

1: Foot 1 heel has a roll contact, Foot 2 has a toe roll
contact.

2: Foot 1 has a flat contact, Foot 2 is swinging freely.
3: Foot 1 has a toe roll contact, Foot 2 is swinging
freely.

To synthesize the biped walking motion and to
achieve the dynamic walking, the zero moment
point (ZMP) is usually used as a criterion [8-11, 13,
14]. Therefore, we can determine the biped motion
to minimize the following performance index [15].

' 2
Minimize j P, ()~ P, 0 dt, @

zmp zmp

f
4

subject to the boundary conditions of both trunk
motion X; (t) and xg(t) at time t and t.. The terms
(r) and P2 (r) are the actual and desired ZMP

F)ZMP
positions, respectively

Prescribe ZMP

X
—}
Moving Direction

Figure 4. The prescribed ZMP of the biped robot



With respect to a fixed Cartesian coordinate
system, 0-XYZ (see Fig. 4), we have the following
ZMP equations [16] namely

n—1 n—1 ..
- m(z.+2)x. — S mX.z.
— zl=0 l( i ni?)“l Z,=o Tl , and (3)
Zi:O (Z+8)

zmp

Z::OI m,‘(z,‘ + g)y, - Z:; mij}izi

- 4)
D Zi+e)

yzmp =

The term mi(i = 0,1,..., n — 1) is the mass of the
link i. The term (x,,y,,Z,) is the coordinate of the
Y, 0) 1 the
coordinate of the ZMP with respect to the 0-XYZ and
g is the acceleration of gravity.

For practical measurement of reaction forces
from the ground, Force Sensing Resistors (FSRs)
are used. The FSR device is a polymer thick film
which exhibits a decrease in resistance with an
increase in the force. The FSR devices measure
reaction forces from the ground as shown on Figure
5. The relation p =[x,y,]" denotes the places

center of mass of the link i, (x,,,,

where FSR devices are attached, while the location
of the ZMP is atp, . =[x,,p, V] - The ZMP is

equivalent to the center of the reaction force from
the ground. Therefore, the ZMP is computed as

follows:
z Jix; z i
=1 =
2 2
i=1 i=1

Xzup = > Yo = (&)

(a)Single Support

(b) Double Support

Figure 5. Practical measurement of reaction forces
from the ground

Motion of the biped robot is considered into two
parts: leg and trunk (or upper-body) motion. Leg
motion is related to terrain and environment. For
example, if there is an obstacle in the path. Its foot
must be lifted up higher than normal amplitude.
Under this circumstance, the trajectories of all legs
are determined by terrain constraints. The trunk
height is constant because of the stationary posture,

i.e. Z, =z, = 0. All masses are modeled as particles,

the equation 3 and 4 become

6 6
m,xX,z, + m,g_x, = Zmi(éi -g.)% — Zmz (%, —g)z, +mg.z

i=1 i=1
6
+ xzmp {m7gz _sz(zf _gz) + ze,k}’ and
i=1 k
(6)

6 6
msjégzg +mgg Xg = Zmi(iz 7gz)xl 7Zm; (x, 7gv)zi + mxgyZS

i=1 i=1

+ Vo {msgz -2 m fgz)+ZFz,k}-
™

If the ZMP is determined and no external force
exists, the terms on the right-hand side of the
equation are known except for external forces and
thus differential equation of the equation (6) and (7)
can be solved numerically.

3 Neuro-Fuzzy Gait Synthesis Approach

3.1 Adaptive Neuro-Fuzzy Inference System
Both neural networks and fuzzy system are
motivated by imitating human reasoning process. In
fuzzy systems, relationships are represented
explicitly in forms of if-then rules. In neural
networks, the relations are not explicitly given, but
are coded in designed networks and parameters.
Neurofuzzy systems combine semantic transparency
of rule-based fuzzy systems with a learning
capability of neural networks. Depending on the
structure of if-then rules, two main types of fuzzy
models are distinguished as mamdani (or linguistic)
and takagi-sugeno models. The mamdani model is
typically used in knowledge-based (expert) systems,
but the takagi-sugeno model used in data-driven
systems.

In this paper, we consider only the Takagi -
Sugeno-Kang (TSK) model. The TSK was proposed
by Takagi, Sugeno, and Kang [16]. They formalized
a systematic approach for generating fuzzy rules
from an input-output data pairs. The fuzzy IF-THEN
rules, for pure fuzzy inference system, are of the
following form:

if xisAand x,is A, and x,is A, then y= f(x).
®

Where x=[x,% 0%y 1, A4, 4y,..., 4, are fuzzy sets

in the antecedent, while y is a crisp function in the
consequent part. The function yp= f(x)is a

polynomial in the input variablesx,x,,x, X,..

They applied a linear form of this function. The
aggregated values of the membership function for
the vector x assumed either in a form of MIN
operator or in the product form. For M fuzzy rules
of the form Eq. (8), they have M membership
functions g, u,, 415,...., 1, - They assume that each

antecedent is followed by the consequent:
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V= Pt 2P, ©)

j=1
Where p; are the adjustable coefficients, fori=

1,2,..., Mandj=1,2,3,...,N.

Applying fuzzy singleton, a generalized bell
function as membership function and algebraic
product aggregation of input variables, at the
existence of M rules the neuro-fuzzy TSK system

output signal )(X) upon excitation by the vector x ,
are described by equation:

M

()= MZ[[H /l,.(xj)]{ﬂw " Z p,{,x/D.
(10)

The adjusted parameters of the system are the
nonlinear parameters (. 5® p®)forj=1,2,...,N and
AR

k=1,2,....M of the fuzzifier functions and the linear
parameters(weight p v ) of TSK function. In contrary

to the mamdani fuzzy inference system, the TSK
model generates a crisp output values instead of
fuzzy one. This network is simplified, since the
defuzzifier is not necessary.

The first-order TSK fuzzy model could be
represented in a similar fashion. Consider again the
example with two rules:

If x,is A, and x, is A, then y, = a,,x, + a,,x, + b, and
If x,is A, and x, is 4,, then y, = a, x, + a,,x, + b,.

For which the corresponding network is given

in Fig 7. [17].

aux, *agx b

Figure 6. An example of a first-order TSK fuzzy
model with two rules systems[17]

The learning of neuro-fuzzy network, which
adapts parameters of the bell shape membership
function (c“‘),o-](,"),b;")) and consequent coefficient,

(p;) can be done either in supervised or

self-organizing mode. In this study, we apply hybrid
method which is one-shot least-squares estimation of
consequent parameters with iterative gradient-based
optimization of membership function.

The important problem in the TSK network is to
determine of the number of rules that should be used
in modeling of data. More rules mean better
representation of data processing, but increase of
complexity of network and high cost of data
processing.  Therefore, the procedure for

automatically determining number of rules is
required. In our solution, each rule should be
associated with one cluster of data. We apply fuzzy-
subtractive clustering. The degree of similarity can
be calculated by using suitable distance measure.
Data vectors are clustered such that data within
cluster are as similar, and data from different clusters
are as dissimilar as possible.
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Figure 7. Identification of membership functions
through fuzzy subtractive clustering.

Fig. 7 shows an example of three clusters in

r*with prototypev,,v,,v,. The data partitioning is

expressed in the fuzzy partition matrix g _p, |
if

whose elements are membership degrees of the data
vector x, , in the fuzzy clusters with prototypes v ;-

The antecedent membership functions are then
extracted by projecting the clusters onto the
individual variables.

The advantage of the TSK fuzzy system is to
provide a compact system equation (9). Therefore,
some classical system identification methods, such
as parameter estimation and order determination
algorithms, can be developed to get the fuzzy
inference rules by using input/output data. Similar to
neural networks, fuzzy systems are universal
approximators. Thus, the TSK fuzzy inference
systems are generally for many complex nonlinear
practical problems, such as multilink biped robots,

and etc.

3.2 Neuro-Fuzzy Gait Synthesis with optimization
Our proposed fuzzy gait synthesis method can be
summarized as follow:

Step 1. Prescribing all other joint’s trajectories and
ZMP trajectories are bounded, except the biped
trunk.

There are several methods to prescribe
reference trajectories for the biped robot according to
the terrain and intuitive knowledge for human’s
walking. The human's walking pattern and
minimizing input energies are most often used. To
generate smooth biped locomotion, a curve transition
from a line segment into another is required. The
polynomial method determines joint, satisfying
boundary  conditions  through  optimization
algorithms.



Step 2. Constructing gait synthesis rule base.

Human is capable of performing stable and
adaptive locomotion by changing his or her ZMP
appropriately. In typical human locomotion, the
ZMP never stays in a fixed position and rather moves
towards in the direction of locomotion [18]. The
ZMP trajectory is somehow determined to maximize
the stability of locomotion. Based on our
observations on human locomotion, we propose that
the ZMP should be changed as the body moves
during a stride. The ZMP trajectory should be
dependent on the leg trajectory. The desired ZMP
trajectory is generated depending on the posture of
biped robot, especially the positions of the hip and
the swing leg. Initially, the fuzzy control rules are
mainly derived from human intuitive knowledge on
balancing. As an example, seven and five fuzzy
membership functions are used for position of hip
and any joints trajectory of swing leg, respectively.
As show in Fig. 8
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Figure 8. Fuzzy membership function for and
(joint angle) systems

After, the desired ZMP are obtained from TSK
Neuro-fuzzy inference system as shown in equation
(10), the trunk trajectory is generated as shown by
equation (6) and (7).

Step 3. Tuning consequent parameters of the fuzzy
gait synthesizer

Consequent parameters of the neuro-fuzzy
system are updated by using gradient descent
algorithm. An error between actual ZMP and desired
ZMP is used to adjust the consequent parameters for
the biped balance. There is no unique control
solution for the biped dynamic walking. Each joint
trajectory has different error of ZMP. Thus, the gait
synthesizer must be tuned accordingly.

4 Experimental Setup and Results

The biped robot used in the experiment is 50 cm tall.
The detailed dimensions and masses of its links are
listed in Table 1. Hierarchical control software for the
biped robot was developed in visual basic,
integrating MATLAB, SIMULINK, Fuzzy Logic
Toolbox and Neural Network Toolbox Module. The
software package consists of different component,
such as biped joint controller, gait editor and gait
synthesizer, as shown in Fig 9. Fig 9 shows
information about each joint position, body attitude

and trunk motion. We use the ZMP as stabilizing
index. For real-time control, the position of an actual
ZMP can be calculated by using measured values
from force sensors at each foot, as shown in Fig 5.

Link Length (m) Mass (kg) Moment of
inertia (kg * m?)

Trunk 0.25 0.50 0.15

Left leg 0.25 1.00 0.03

Rightleg 0.25 1.00 0.03

Table 1. Parameters of the biped robot

In our experiment, the biped robot is controlled
to walk at a constant speed. The step length is 30
mm. and the step height 10 mm. The neuro-fuzzy
scheme to change the desired ZMP, according to the
biped robot configuration, was compared with the
conventional fuzzy scheme. Initial constructions of
both schemes are same as equations (8) which are 6

inputs with (x,,X,,X;,X,,X;,X,)and 2 outputs.
The inputs are assigned bell membership function as
indicated in Fig 11.0ur experimental goal is to

control the biped robot with a stable gait on sagittal
plane and lateral.
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Figure 9. The Control Panel for the neuro-fuzzy gait
synthesizer

Fig 10(a) shows the results of fuzzy gait
synthesizing, using trunk balancing rules. The
control objective is to make the ZMP moving
towards the center of supporting foot as much as
possible. Approximately 300 data points have been
collected and illustrated in Fig. 10. Similarly, we
applied our neuro-fuzzy based gait synthesizer. The
results are in Figl0 (b). We discovered that the ZMP
is much closer to center of supporting foot, under our
neuro-fuzzy- based gait synthesizer. Therefore, the
biped gait is improved.
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Figure 11 Comparison of ZMP position



Fig 10 shows an example of the learned
membership functions for the proposed neuro-fuzzy
system on trunk trajectory output. At first, we start
initial membership function as show in Fig 11(a).
After training, a learned strategy time successful if
the ZMP is always within the supporting area is
within a certain time. Notice that, in Fig 11, the
membership functions were adjusted by the
gradient-descent optimization method.
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gt et rva waribia X

(a) Before Training (b) After training

Figure 11 Membership function of X3 (position of
trunk on x axis)

After training, the following rules has been

obtained, for example

if X3(k) is NB and x6(k) is NB then x.,,,(k +1) = 0.37x3(k) + 0.05x6(k) +2.14,

if x3(k) is NS and x6(k) is NB then x.,,,(k +1) = 0.91x3(k) +0.06x6(k) +0.23,

if x3(k) is Z and x6(k) is NB then ., (k +1) = 0.40x3(k) +0.03x6(k) + 5.63,

if x3(k) is PS and x6(k) is NB then x.,, (k +1) = 0.83x3(k) +0.09x6(k) +0.03,

if x3(k) is PB and x6(k) is NB then x.,, (k +1) = 0.46x3(k) + 0.02x6(k) + 1.11,

if x3(k) is NB and x6(k) is NB then x,,,,,(k +1) = 0.37x3(k)+0.05x6(k) +2.14, and etc.

J x3(k) is NB and x6(k) is NB then y,,,, (k +1)=0.24x3(k) +0.05x6(k) +1.29,
if x3(k) is NS and x6(k) is NB then y,,,,(k +1)=0.31x3(k)+0.11x6(k) + 0.45,
if x3(k)is Z and x6(k) is NB then y,,,(k +1) = 0.32x3(k) +0.07x6(k) +4.80,
if x3(k) is PS and x6(k) is NB then y,,,, (k+1)=0.11x3(k) +0.12x6(k) +5.01,
if x3(k) is PB and x6(k) is NB then y,, (k+1)=0.67x3(k)+0.09x6(k)+2.3,

zmp

if x3(k) is NB and x6(k) is NB then y,,, (k +1)=0.45x3(k) +0.23x6(k) + 6.67, and etc.

5 Concluding Remarks

We have studied and proposed a biped gait
synthesizer based on neuro-fuzzy scheme. In this
paper, it synthesizes trunk trajectories and varies
ZMP rather than a fixed ZMP, while all other
joint’s trajectories are prescribed. The proposed
gait synthesizer formulates initial dynamic
balancing gaits from fuzzy rules and its
membership function. The experimental results
show that the neuro-fuzzy system significantly
improves the stability of biped robot locomotion
better than conventional fuzzy systems. Thus, the
main contribution of this paper is a neuro-fuzzy
synthesis of gait generated algorithm with optimal
learning algorithms to provide a simple but
general and systematic way of implementing
dynamic bipedal walking. There is no need for
dynamics formulation. The proposed -control
architecture provides another framework to
analyze as attempt to understand how bipedal
robots learn to walks. In the future, we will extend
our scheme on a further complicated 14 DOFs
biped robot.
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