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A CPG-based Locomotion Control Architecture for Hexapod Robot
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Abstract—This paper proposes a novel CPG-based control
architecture for hexapod walking robot. We investigate the
CPG systems from the perspective of network synchronization.
In this way the motion control of hexapod robot can be refined
into the gait generation level and joints coordination level. On
the first level, we develop a gait generator consists of CPG
network in ring based on modified Van der Pol (VDP) oscillator
to realize various stable gaits as well as gait transition for
hexapod walking. The limit cycle behavior of VDP model is
analytically studied by virtue of perturbation technique. On the
second level, we address the problem of multi-DoF coordination
of single leg via phase order modulation and amplitude
adjustment of the neural oscillators. Consequently we propose a
single-leg controller consists of a three-coupled CPG network
and a linear coefficient converter to generator smooth and
feasible trajectories in task space. The effectiveness of the
proposed control architecture is demonstrated through
simulation and real physical robot experiment.

I. INTRODUCTION

The rhythmic and agile behavior displayed by legged
animals when interact with irregular terrain outclasses any
man-made robots at present. This robust and stable
performance has been attracting the interest of scientists and
engineers to develop analogous walking machines with
environment adaptability such as Raibert’s hoppers [1], Rhex
[2], Tarry [3], Tekken [4] and Salamander [5]. Generally, this
work is still in its infancy because the advancement of
bio-inspired control awaits empirical evidence in anatomy and
neurophysiology. Central pattern generators (CPGs), also
known as a group of coupled nonlinear oscillators, are neural
networks that generate self-adjusted rhythmic patterned
signals without sensory feedback or higher-level command
[6-8]. These unique characteristics of CPGs have been widely
used in biologically inspired robots.

The concept of CPG has been successfully applied to
bionic robots for nearly thirty years. The first CPG model (also
named as neural rhythm generators), simple but effective, was
proposed by Matsuoka in 1987 [9]. As a novel control
technology since then, the CPG-based regulator to control the
locomotion of robots had become a potential method to cope
with multi-DoF motion control of legged robots. Taga et al.
[10] realized stable CPG-controlled bipedal walking when
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negotiating obstacles. Kimura et al. [4] studied the motion
control of quadruped robot based on CPG integrating sensory
feedback. Manoonpong et al. [11] developed chaotic CPGs to
control the hexapod robot with leg damage compensation.
Crespi et al. [12], Ijspeert et al. [13] and Ma et al. [14] also
regulated the swimming robot with CPG methods.

The traditional methods of developing CPG-based
locomotion controller can be summarized as two steps. First,
establish a neural network of coupled nonlinear oscillators
which exert periodic signals via neuron interaction. Second,
tune the parameters of the network in order to shape the
outputs of CPG in accordance with the mechanical structure of
the robot. Admittedly, it is still a challenge to determine the
connection and coupling weights of the CPG network.
Learning and optimization algorithms are applied to this issue
as an alternative. Prentice et al. [15] proposed a
gradient-descent learning approach to solve the parameter
determination of the neuron network. Okada er al. [16]
introduce the concept of vector fields learning and Ijspeert
developed a statistical learning approach to study the
nonlinear oscillator with adjustable frequency in [17]. Beer et
al [18] designed the nonlinear coupled recurrent neuron
network via evolutionary algorithm to suitable outputs for
legged locomotion. Generally, these learning, optimization as
well as evolutionary methods are time-consuming and
compute-intensive work, which makes the algorithms difficult
to transfer into the robot application domain.

The motivation of this work is to systematically construct
CPG-based control architecture for hexapod locomotion so as
to enhance the adaptation of legged robots with various gait
types and achieve smooth gait transition. To solve the
problems mentioned above, this paper presents a novel
CPG-based control architecture for hexapod robot. The
perturbation method is also applied to analytically investigate
the limit cycle behavior of Van der Pol oscillator which is the
basic element of CPG network. The gait generator together
with the single-leg controller has been developed to achieve
various stable gait and gait transition.

The reminder of the paper is structured as follows. In
section II, the CPG model based on Van der Pol oscillator is
introduced. The CPG-based locomotion controller for
hexapod walking robot is presented in Section III. The
hexapod robot prototype and test environment is described in
Section IV, followed by the simulation and experiment results.
This paper ends with conclusions and discussion in Section V.

II. CPG MODEL

This section presents the neuron model of CPG network,
which consists of nonlinear oscillators to generate stable
output signal for rhythmic regulation of hexapod locomotion.
Based on the perturbation technique, the analytical description
of the neuron model can be obtained. In this manner, the
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parametrical analysis of CPG model can be systematically
conducted.

A. Van der Pol Oscillator

The Van der Pol (VDP) oscillator has been widely used in
both physical and biological research since proposed in [19].
Considering the tractability in mathematics and application to
hexapod locomotion control, this paper presents a novel
nonlinear oscillator model via modifying the coefficient of
nonlinear quadratic term without loss the general dynamical
properties of the original VDP model, namely, the limit cycle
behavior. The single neuron model can be written as

ire(dx’ —Di+@ix=0 (1)

where x denotes the state variable of the VDP oscillator, &
represents the coefficient of nonlinear quadratic term, b and @,
represent the amplitude adjustment parameter and natural
frequency of the affiliated linear vibration system of (1).

Rewriting the nonlinear differential equation (1) into
state-space form, we have

xX=y )
y=e(l-bx*)y-wlx @

As shown in Fig. 1, the limit cycle changes its shape from a
quasi-circle curve into a jerky closed orbit (relaxation
oscillation) with ¢ increasing. In this paper, the coefficient ¢ is
fixed at 0.1 for satisfying the need of CPG-based locomotion
controller design in Section III.

Fig. 1. Limit cycles of VDP model on phase plane with varied coefficient ¢.
Model parameter set: b =1 and wy=1.

B. Perturbation Solution Based on MMS

The limit cycle generated by VDP model is globally stable
on the phase plane, which is extremely advantageous to depict
the rhythmic output of CPG network. To gain a deeper insight
into the relationship between the periodic oscillation and
model parameters, the analytical solution of VDP model has
been derived based on perturbation theory. This will suffice
for regulating the stable output of neuron model of CPG
network. Herein we apply Method of Multiple Scales (MMS
[20] to obtain the approximate analytical solution.

Let ¢ and 7 be two time scales provided that ¢ is a sufficient
small parameter. And then we change the independent
variable from original system (1) from 7 to & and # as below

E=st 3)
n=0+&w +&0,+ "o,

where ; is the undetermined frequency. Using the chain rule,
we get
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We seek a uniform approximate solution to (1) under the
new time scale (3) which can be expressed as

x=x,&m+ex (& m+exn(Em+- . (5)

Substituting (5) into (1) and equating each term of the
coefficient of ¢, we have

62
g 6_7:204— @, x, =0 (6)
2 2
A W Y +(1—bx T %)
on o&on on
The general solution of (6) can be derived as
x, = a(&)cos(@,n + @) 3
Substituting (8) into (7) and obtain
Px, da ba’, .
677724_0)0 X, (2d—§—a+T)s1n(a)077+¢0)+ ©9)

ba® .
%s1n3(a)077+(po)

Eliminate the secular term of sin(wgytgg), a(f) can be
determined as

I S (10)

/b + (i2 -b)e ™
a

Note that the second time scale # contains o(s”) and higher
terms. Here we restrict the approximate solution within the
first-order expansion of ¢ to reduce the complexity of algebra
expression. Given the initial conditions of the original system
(1), the approximation of VDP can be expressed as

2

’b + (i2 -b)e
a

C. Parameter Tuning

x= cos(@yt + @)

(11)

Since the analytical approximation of VDP model has
been derived, the limit cycle of system (1) can be easily
obtained as ¢ — oo . Consequently we have
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Obviously, the amplitude and frequency of the limit cycle
generated by VDP model can be specified by b and w,. The
stable output of VDP model should be convenient for further
gait generator and single-leg controller design. Meanwhile the
motor capability and hardware capacity of the hexapod robot
prototype built in our lab should also be considered
accordingly. To this end, we set these two parameters as

2,
b=4

G :{ . (13)

2_7r:5 w, =047

@,

Consequently, the CPG output is restricted on the unit
cycle and the nominal vibration period is 5s.

III. CPG-BASED LOCOMOTION CONTROL FOR HEXAPOD
RoBoOT

The CPG-based locomotion control draws and recast the
neurobiological findings via a mechanism that in essence is
constructing a group or network of nonlinear oscillators to
exhibit abundant outputs of CPG neurons in different phases
and amplitudes. In this section, we address the problem of
hexapod locomotion control from perspective of
synchronization of coupled nonlinear oscillators. The
locomotion control of hexapod robot can be divided into two
levels. The first level focuses on adjusting the phase order of
leg movement, and we propose a VDP-based gait generator to
perform stable phase-locked signals exhibiting various gaits.
The second level is to coordinate the joint motions of single
leg in feasible working space. We fulfill this target by virtue of
a three-coupled CPG network to produce adjustable
trajectories without conflict with mechanical constraint. The
whole body control architecture will be further established
with combination of the gait generator and single-leg
controller to achieve multiple gaits and gait transition for
hexapod walking robot.

A. Gait Generator

Traditionally, the output of CPG unit is non-dimensional
signal so that the relationship between the rhythmic signal of
the CPG unit and locomotion of the hexapod robot should be
established. As illustrated in Fig. 2, each unit contains two
state variables are defined in (2) while the periodic output of
the unit is mapped into the leg movement of the hexapod robot
in one step cycle. The rising part of the signal denotes the
swing phase while the descending part denotes the stance
phase. Based on the previous analytical results in Section II-B,
the phase order and duty factor of the hexapod gait could be
accurately modulated via adjusting the parameters in VDP
model to satisfy the locomotion requirements on different
circumstances.

CPG Unit Rhythmic Signal

=
| Swing |Stance]

= E— ==

‘ Step Cycle _ | time

Fig. 2. Relationship between the rhythmic signal of the CPG unitrand gait
decomposition in one step cycle.

Since the connection between the CPG unit and gait
parameters is specified, this unit could be extended to
coupled-CPGs in order to construct a network. The
configuration of CPG network as the gait generator for
hexapod robot is shown in Fig. 3. Particularly, we develop the
CPG network in ring shape considering that each CPG unit is
identical in mathematics and interacts with only one adjacent
neuron.

CPGl

@0

CPG2

B0

CPGn CPG3

©0—{oD-

Fig. 3. The schematic of the gait generator with CPG units in ring shape

In this way, the problem of gait regulation of hexapod
robot can be transformed into the synchronization and
phase-locked problem of dynamic systems to handle. Without
loss of generality, it is assumed that the neuron models of CPG
network are identical from the ith unit to nth. The design of the
gait generator obeys the following rules:

(1) The two neighbor neurons CPGi and CPGj produce
periodic signals with identical amplitude and frequency.

(2) The phase difference of CPGi and CPGj should be
locked at 6;, and could be preciously shifted according to
different gait types.

(3) The phase difference 6, should be contained in the CPG
network as an explicit expression.

Rule 1 restricts the boundary of rhythmic signals of the
CPG neurons because the limit cycle of VDP model has been
fixed at unit cycle on the phase plane in Section II-C. Rule 2
guarantees the stability of phase-locked within CPG units such
that the stable gait can be attained. Moreover, the ability of
phase difference shift is the essence of gait transition for
hexapod robot. Finally Rule 3 is formulated to reduce the
computing complexity of CPG network.

Now we start to design the CPG-based gait generator.
Given the ith CPG unit as below

X =,
. 2 2 N (14)
Vo =&e(l=bx,")y, — o x,
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The corresponding limit cycle can be derived through (12)
as

©

2
X, =—=cos(ot +¢,;)

D

©

20, .
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N

According to Rule 2, the limit cycle of the jth CPG unit is
written as

(15)

2
X7 =—=cos(ayt + @, +6,)

%

(16)
" 2w, .
y; = —Esm(wot +@, +06,)
Comparing (15) to (16), we can further derive
AN
Y; Vi

where Ry; is defined as the phase transition matrix from CPGi
to CPGy, and Ry; can be written as

R & cos, —sind,
% \sin@ cosf

(18)

Up to now the integrated CPG network in ring depicted in
Fig. 3 can be constructed as below

5=fGE)+ (R, E-F)

X, = f(%)+(R, % - ) 19

%, =/(F)+(R, % -F)

where X, is the state variable of single CPG unit in (14) and
% =[x,¥] . f(&) is the VDP model in state-space, which is
expressed as

yl

X,)= . 2
/) (e(l—bxiz)yi —wéxij 0

The global synchronization and stability of network (19) is
guaranteed via nonlinear contraction theory proposed by
Lohmiller and Slotine et al [21] (see [22] for detail proofs).
Furthermore, the global synchronization and phase-locked of
the CPG network reveal that for a given target gait, the outputs
of coupled oscillators will converge into the corresponding
phase relationship regardless of the initial conditions of the
differential system.

Particularly, the gait generator for the hexapod robot is
acquired as the number of neurons n = 6. Fig. 4 illustrates the
numerical simulations on the tripod and tetrapod gait
generation based on the network proposed in (19). The detail
information of the phase difference used to produce these two
gaits is listed in Table I. Note that the tripod gait consists of
two pairs of three legs in phase: {L1,R2,L.3} and {R1,L2,R3}
while the tetrapod has three: {L1,R2}, {L2,R3} and {L3,R1}.
The wave gait has six: {L1},{R3},{L3},{R2},{L2},{R1} in
order. Theoretically, each group shares the identical period of
the ordinary gait. In this way, it is clear to reveal that the tripod,
tetrapod and wave gait respectively has 2, 3 and 6 time-ticks.

i e
s AN O
DB el el i il

CPG outputs

5 0 15 20 25 30
time(s)

R3 [N : /
RI ‘ ;

L3>

CPG outputs

L2

750

(b)

Fig. 4. The CPG-based gait generator for the hexapod robot in two typical gaits.
(a) Tripod gait: the CPG outputs (left) and schematic of network in ring (right).
(b) Tetrapod gait: the CPG outputs (left) and schematic of network in ring
(right). The symbol L and R represent the leg on left and right side of body,
respectively.

0 5 10 15 20
time(s)

TABLE 1. PHASE DIFFERENCE IN TWO GAITS
. Phase Difference
Gait
o | e | e | 6 | 6 | o
Tripod T
Tetrapod | 273 | 223 | 0 | 223 | 243 | 443
Wave 27/3

Another significant phenomenon during gait generation is
called gait transition which means the current gait could shift
into another gait type in finite time. Theoretically, generating
stable gait from arbitrary initial conditions of neurons shares
the uniform fundamental with gait transition, which is the
global synchronization of network. The gait transition can be
understood as the coupled CPG network has the ability to
recover from the initial condition “out of phase” at the
transition time instant to the desired state “in phase” of the
target gait. The numerical results of the tripod-tetrapod gait
transition are shown in Fig. 5. The transition time is set at
different time instant. The CPG outputs rapidly converge into
the desired phase-locked state for the tetrapod gait.

Tatrapod Impod

Tripod

Tetrapod -

CPG ouputs

CPG ouputs

20 30 40 50 60 10 20 30 40 50 60
time(s) time(s)

Fig. 5. The tripod-tetrapod gait transition at ¢ =10s (left) and 7 =20s (right).

0 10

B. Single-leg Controller Design

As mentioned in Section II, the first level of the
CPG-based locomotion control deals with the movement
between legs has been accomplished in the gait generator
design. In this section, we focus on the coordination of the
multiple DoFs motions of the single leg for the hexapod robot.
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Similarly, we choose the VDP model as the basic neuron
composer to build a single leg controller as shown in Fig. 6.

Linear Converter Single Leg

Coupled CPG network

m o, m,
i iy

Fig. 6. The single leg controller for the hexapod robot. a, # and y denote the
body-coax, coax-femur and femur-tibia joint of the leg, respectively.

The controller is divided into two parts, namely, a coupled
CPG network with three oscillators and a linear converter.
This network operates as a phase modulator and produces
three phase-locked rhythmic waves with adjustable
frequencies, the mathematical description of which is given by

. 2 . 2
X +&bx, —Dx, +a,7x, =0

.. 2 . 2 . . .
X, + & (byxy =X, + 0, x, = kpxx, + kg, (X, —x3),

1)
¥ 4 &,(byx; =X, + 0, x; =k x,x, + ko (5, — X,)
where x; is the state of the neuron. w; is the adjustable
frequency according to different gait requirements. kij is the
mutual connections. Here x; acts as the master neuron and x,,
x3 acts as the slave neurons to receive the orders from x;. The
coupled terms in the 2™ and 3™ equations of (21) are designed
to synchronize two slave neurons.
The linear convertor operates as an amplitude modulator.
It transfers the CPG outputs in (21) from the unit cycle into the
joint space according to the kinematics of the robot via
o =kx +m,
B=kx,+m,, (22)
v =kx, +m,
where k; and m; are the amplified coefficient and bias. After
parameter tuning, the proposed single-leg controller products
a series of stable limit cycles for the joints coordination in
stance and swing phase as Fig. 7 shows.

0.8
0.6

0.4
0.2
0
=0.2

Angle Velocity (rad/s)

-0.4

nt

Jo

0.6
-0.8

-0.5 0 0.5 1 1.5 2
Joint Angle (rad)

Fig. 7. The limit cycles on the phase plane of single leg joints. For S (green)

and y (red) joints, the inner closed orbit represents the trajectory in stance while

the outer represents the swing phase.

C. Whole Body Control Architecture

Combining the gait generator and single-leg controller, we
propose the whole body hierarchical control architecture as
shown in Fig. 8. The gait generator with the CPG network in
ring described above is located at the top level. The various
gait types as well as gait transition is realized by directly

setting the corresponding phase differences between the CPG
units. Combined with the Finite State Machine (FSM), the
single-leg controller constitutes the lower level. The FSM is
introduced here to schedule the assignment of leg movement
during walking. The FSM extends the traditional gait phases
into three states: swing, stance as well as hold state which is
added to describe the situation that the legs in stance hold their
position to wait the untouched legs when local reflex behavior
is trigged or other emergence occurs (these cases are beyond
the scope of this work, so not discussed in this paper). The
single-leg controller regulates the desired trajectories of joints
with specified phase and amplitude. Additionally, the PD
control is implemented at each joint to tracking the desired
motion generated by the linear converter.

Gait  Generator ) FSM
CPGI CPG4
o]
9 el | TFEE
] . ) i Stance
CPG2 cras M
f . @-@ @-@ lMotinn Order
(‘l‘(:r.‘: C I'(:;ﬁ
oo+ v

3CPGs

Linear Converter

Single-leg Controller

Fig. 8. Whole body control architecture for the hexapod robot

IV. SIMULATION AND EXPERIMENT

The effectiveness of the presented algorithm has been
verified via computer simulation and physical experiment.
The simulation is carried out by MSC.ADAMS™ to establish
a virtual robot-ground platform. The motion command issued
by the whole body controller is real-time calculated in
MATLAB (R2008b, The MathWorks Inc., Natick, MA, USA).
The fourth order Runge-Kutta variable-step method (ode45) is
implemented to solve the dynamics of the CPG network. The
maximum time-step size of 107 together with relative and
absolute tolerance < 10 is set to guarantee the computational
accuracy. The real physical robot experiment has been
implemented with a hexapod robot prototype to test the gait
generation and GAIT TRANSITION algorithm.

A. Hexapod Robot Prototype

The hexapod robot prototype designed and manufactured
in our lab is shown in Fig. 9. The six identical legs with three
rotary joints are equipped on the aluminum body. The elastic
element with spring is installed at each foot to reduce the
impact during touchdown which is detected by a contact
sensitive cell with binary feedback mounted at the toe of each
foot.

Fig. 9. The hexapod robot: CAD model (left) and physical prototype (right)
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The electrical system includes three layers: the top layer
contains the ARM 9 microprocessor (Samsung Inc. S3C2440)
to take charge of task scheduling and wireless communication
with PC. The FPGA-based on-chip system (ALTERA,
Cyclonell) is employed to regulate the joint movement. The
master/slave bus with star structure is implemented to send
motion orders from the CPG network to the hardware driver.
The lower layer deals with the encoder signals sampling,
contact detection and RS485-PC connection as well as the
closed-loop control of brushless DC motors (Maxon, EC32).

B. Simulation Results

The gait generation and transition simulation are
performed to validate the algorithm proposed above. The
decomposition diagram of the entire locomotion is recorded as
Fig. 10 shows. The walking test begins with the tripod gait and
the following gait types are in order: tetrapod—wave—tripod.
Three gait transition commands are issued in sequence. The
robot just takes several steps from the current gait to the
desired gait and maintains this stable gait type afterwards.
Owing to the special phase modulation of the gait generator,
meanwhile considering the static stability of the hexapod robot
walking, the robot has to perform gait transition just after all
legs touchdown, which indicates that the actual transition
moment is sort of “time-delay” compared to the gait transition
order is issued.

IF;“.‘::?’)\{T"_‘?:“ iquT:lHa_j\ﬁ h_;"
I_!’\. \ .4\ ftlji:_r:u |4i:=“H‘_f‘ﬂ f\‘r:‘ I' ﬂ'

| Gait Transition Tripod === Tetrapod
I T=13s T=14s , Teld.5s T=15¢

if\ ﬁ P J..‘.ll' I ﬂ'll_’ L J.5:1 Liﬁ_-m L‘r 4 L‘H_-P I

. T=3s
1

ﬁ :I'J L2
-y

Tripod

T=18s

N S i AT & T 73

1 q,..-
= o ] .
T=32s

Ted?s Trids ‘ -
J:}] 1! 4 M‘_;Iﬂ P. \r.J]‘I:_r 'l.m 1o 11

i Gait Transition Tetrapod === Wave

Tetrapod

I
|
T=40s :
I
|
I

i T=37.55 T=38.55 T=39.5 X

i I‘N Y 1 M _J’Hu IA.-: 42._ ﬁ;‘i .-,.ﬁ s 4!___[? 1|| -
Vave Ted1s T=455 T=47s
e _‘ﬁ' ‘11 | -“..’J_‘jl 1 1 “'M_‘ﬂl | iﬂ ﬁ’

T=695 T=ds l

iy gy fopp—
.

: T=T0s T= T=72.55 i

s w0 ) i 02 e e v

} Tripod =73 T=15s X T8 kS
——— pSg—— N .

T=H5s T=83s T=His

P \ 4\ M_. _r:u |4u Mo_ _f\ﬂ f:'.-; I ﬁ |

Fig. 10. The decomposition diagram of the gait transition simulation.

CPG Output

0 10 20 30 10 50 60 70
Time (s)
Fig. 11. The CPG output in the gait transition simulation.

Fig. 11 shows the corresponding CPG output of the gait
generator after the FSM processing. The boundary of the CPG
outputs are scaled into the region [—1, 1] due to the parameter
tuning in with b = 4 and wy, = 0.4z. Here the wave gait
represents the six legs of the hexapod robot start their
movement in such order: L1—-R3—>L3—»R2—-L2—RI1
(totally 6 time-ticks). It is clearly to observe that the gait
generator could produce the expected gait with specified
phase relationship. The gait transitions among tripod —
tetrapod—wave—tripod are accomplished in no longer than 1
time-tick (roughly 2.5s) to converge into the required gait.
Also note that the rhythmic curve in tetrapod gait and wave
gait looks jerky because the rhythmic smooth signals
produced by the gait generator have to be lengthened in the
FSM so that the legs in different state (swing or stance) could
synchronize with each other without break the kinematic
constrains of the mechanical structure of the hexapod robot.

B. Experiment Results

The walking test is also implemented with the real physical
hexapod robot described Section IV-A. The robot begins with

s s

(c) Wave gait

Fig. 12. Snapshots of the hexapod robot during walking test. The leg in swing
phase is marked with white arrow for clearance.

5620




tripod gait and switches into tetrapod, wave and tripod gait in
turn. Each gait sustains just two periods. The snapshots of the
walking experiment are illustrated in Fig. 12 (the gait
transition sections are omitted for brevity). The robot exhibits
stable and various walking gait and undergoes smooth and
rapid transition to each desired gait type, which is closely in
agreement with the simulation results. In addition, the Center
of Mass (CoM) motion of the robot is also recorded as shown
in Fig. 13. The forward velocity of body displays a fluctuant
character rather than constant value due to the output of the
coupled nonlinear VDP oscillators in single-leg controller.
The frequencies of both gait generator and single-leg
controller are fixed at 0.4x. In this manner, tripod is the
fastest gait type because it just needs two time-ticks to
circulate whole legs movement while wave gait with six ticks
is the slowest one as shown in Fig. 13.

4000 :

3500 - - : i ,
£ 3000} : : : | .
g1\ | SRS SR TS I HOOOEE B oo
g Tripod —— Tetrapod Wave = Tripod
£ 2000 3 : I R
3 .
a v

500 - v 1

0 10 20 30 40 50 60 70 80 a0

Time (s)

Fig. 13. Trajectory of the CoM motion during the walking test.

V. CONCLUSIONS AND DISCUSSION

In this paper, we presented a novel CPG-based locomotion
control architecture for hexapod robot. With the help of
perturbation technique, we could investigate the CPG
systems with an analytical approach. The motion control of
legged robot can be further divided into the phase modulation
domain and amplitude regulation domain. The modified VDP
model was introduced to establish the gait generator
composed of CPG network in ring configuration to achieve
various gait and gait transition. The single-leg controller with
coupled CPG networks was developed to coordinate the
joints motion. The validity of the proposed algorithm had
been confirmed via the walking simulation and real physical
robot experiment.

The proposed control framework sheds light on the
methodology on CPG-based locomotion controller design for
legged robot. Furthermore, the gait generator with VDP
oscillator could be easily extended into cascaded form which
is especially suitable to snakelike robot. Our future work will
extend towards two directions. Foremost, the coupling of the
CPG-based algorithm and the mechanical structure
constraints of legged robot should be deeply investigated.
Second, the more complicated dynamic behavior of the
coupled CPG network should be merged into the limit
cycle-based system to mimic the skillful local reflex
behaviors of animals in unstructured environment.
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