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Abstract We have proposed a central pattern generator (CPG) network for quadrupedal locomotion signal generators. The
proposed network comprised four CPGs and one rhythm generator and had the feature of independent controllability of the

amplitude and period. In this study, the proposed network is applied to generate a tripod gait typical of hexapod insects. The

network retains the feature of independent controllability and can be logically designed. In order to verify the eft"ectiveness of the

proposed method, first the operations of the network are simulated. Moreover, a hexapod robot named Yamac-H is designed and
the CPG network is implemented in it. Through experimental results, we confirm that the designed robot generates the tripod gait

and can walk on flat ground. The network is suitable for a locomotion signal generator used to generate a tripod gait, because its

configuration and the values of connection weights can be logically and uniquely designed, and the amplitude and period of the

output signals can be independently controlled.
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1. Introduction

It is well known that locomotion signals such as walk
ing, running, swimming and flying are generated and con
trolled by the central nervous system so called the central
pattern generator (CPG) [I]. A CPG is a neuromethod
ological circuit found in both invertebrate and vertebrate
animals that can generate locomotion signals without re
quiring sensory information. The locomotion signals can
be classified into periodic patterns known as gaits. For ex
ample, hexapod insects such as stick insects typically ex
hibit two types of gait called tripod and tetrapod gaits.

In recent years, many CPG network models [1]-[3]
have been reported. See also [4] for a review of previous
research on CPG networks. CPG network models com
prise a number of oscillators that are described by higher
order differential equations. In this paper, the oscillators
are called CPGs. In conventional network models, CPGs
are coupled to each other through connection weights be
cause the structures of the CPG network are designed from
the viewpoint of physiology.

One of our target applications is a legged robot. CPGs
are assigned at each leg, which is controlled by an out
put signal from each CPG. The output signals of the CPGs
are controlled by adjusting some of the connection weights
through trial and enw and by changing the configuration
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of the CPG network. Generally, walking speed can be con
trolled by changing the amplitudes of signals. Addition
ally, if it is necessary to increase the speed, the periods of
the signals must be controlled. However, it is not so easy to
control and analyze the output signals of the CPG network
in terms of the amplitude and period of each CPG and the
phase difference between CPGs. This is because some of
the CPGs in the network are described by higher-order dif
ferential equations with mutual connections between the
CPGs. There are many CPG networks that can control a
hexapod robot and generate the tripod gait [5]-[ 12]. How
ever, almost all these CPG networks were designed on the
basis of biological concepts. Therefore, considerable time
is required to determine appropriate connection weights
and the configuration of the network. And, the amplitudes
and periods of the output signals can not be estimated be
forehand.

To solve these problems, we have proposed a CPG net
work with a feature of high designability and controllabil
ity [13]-[15]. The network was designed from the view
point of not physiology but engineering. When designing
a locomotion signal generator, each CPG must satisfy two
necessary and sufficient conditions: it must have (I) a limit
cycle, which is represented by higher-order nonlinear dif
ferential equations, and (2) high controllability of the am
plitude and period of the signal in the stable state, i.e., in
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the limit cycle. Moreover, in the CPG network, the phase
differences between the CPGs must be controlled. Our net
work comprises a rhythm generator (RG) and some CPGs.
Each CPG and the RG are described by the Yan der Pol
(YOP) equation. We consider that this equation is suit
able for the CPG model, because the YOP equation is the
simplest model that has a limit cycle and features inde
pendent controllability of the amplitude and period of the
limit cycle [16]. The amplitude and period of the output
signal from each CPG and the RG are controlled almost
independently by external signals, because the CPGs and
RG are designed such that the feature of the YOP equation
is maintained. In order to control the phasc shift between
CPGs, the period of the output signal from each CPG is
temporarily controlled through connections that are only
conjunctions between the RG and each CPG. The config
uration of the CPG network can be logically and uniquely
determined on the basis of a gait transition. In our pre
vious study, the proposed CPG network was applied to a
quadrupedal locomotion signal generator to generate typ
ical quadrupedal locomotion signals, which are the walk,
trot, bound, and gallop modes.

Generally speaking, it is not easy to extend conven
tional CPG networks to produce other locomotion signal
generators for other numbers of legs. This is because
the analysis becomes complicated when a large number
of nonlinear oscillators are generated, and the output sig
nals from CPGs cannot be predicted. In this respect, our
proposed CPG network has the potential to be extended to
produce multi legged locomotion signal generators regard
less of the number of legs, because the proposed network
has the feature of independent controllability and because
the phase differences are always shifted according to the
difference between the output signals of two oscillators. ]n
other words, the amplitude, period, and phase difference
can be controlled independently of the number of CPGs in
the proposed CPG network. As an example, a CPG net
work for hexapod locomotion is designed by applying the
same concept as that used in our previous study. In this
paper, first the procedure of CPG network configuration is
described, and it is confirmed that the proposed CPG net
work retains the features of independent controllability and
designability of our previous network. Moreover, in order
to verify the effectiveness of the proposed method, a hexa
pod robot named Yamac-H is produced, on which some
experiments are conducted.

2. Tripod Gait

It is well known that stick insects produce different
gaits under various conditions. Methods of generating the
gaits have been extensively studied using stick insects and
cockroaches [17] [18]. The tripod gait is one of the most
typical gaits in hexapod insects. Fig. I shows the step pat
tern of the tripod gait [19]. LF, LM, LH, RF, RM, and
RH stand for left foreleg, left middle-leg, left hind-leg,
right foreleg, right middle-leg, and right hind-leg, respec-
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Fig. I Step pattern of tripod gait [19]

tively. Each swing phase is represented by a black bar, and
the space between bars represents the stance phase. The
timescale reads from left to right. The picture on the right
schematically shows the position of the legs of the insect at
the time indicated by the arrow. In the picture, dashed legs
denote legs that are in the swing phase. Such a record fa
cilitates the quantification of the following features, which
are used to characterize a gait. (I) Period: the duration of
a step. The stance and swing phases are measured from
the swing phase onset. (2) Lag: the time interval between
the beginning of a swing phase in one leg and the begin
nll1g of a swing phase in another. (3) Phase: the lag be
tween two legs divided by the period of the first leg. The
phase makes the value for lag independent of the period
duration. In the tripod gait, the ipsilateral fore- and hind
legs and the contralateral middle leg arc swung forward si
multaneously. For example, LM, RF, and RH are in the
stance phase and LF, LH, and RM are in the swing phase
as shown by the dotted circle in Fig. I. In this gait, it is
typical that both legs of one segment have a relative phase
of 0.5, which means that they are exactly alternating. The
tripot gait is used throughout the insect's whole range of
walking speeds and is maintained even when the animal
is changing direction [17]. Stick insects can change their
walking speed by adjusting the period of the output sig
nals. On the other hand, turns are produced by changes in
step length rather than step period [19]. ]n order to design a
CPG network with these features, it is necessary to design
a network where the amplitude and period of the output
signals can be independently controlled.

3. ePG Network Model

The CPG network comprises several CPGs and one RG
and is designed on the basis of the YOP equation.

3.1 CPG model

The CPG model is derived from the YOP equation [20]
and is represented by Eq. (I). The YOP equation is the
simplest model that has a limit cycle and the feature of
independent controllability of both the amplitude and pe
riod of the limit cycle. Therefore, we consider that the
YOP equation is suitable for the CPG model. The ith CPG
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Here the parameter I' is a small constant called the nonlin
earity coefficient. The value of Xi is the output signal of
CPG i U= 1,2,. .. , n), where n denotes the required number
of CPGs in the CPG network. The amplitude and period
of Xi in the stable state can be controlled by parameters A
and Bi , respectively. Oscillatory solutions are always ob
tained from the VDP equation when A<Bi . In particular,
it was confirmed that the period is inversely proportional
to Bi and that the amplitude reaches 2A in the stable state
[16] [IS] [21].

In order to control the phase difference between CPGs,
the phase of each CPG must be temporally shifted. The pa
rameter Bi represented in the following equation is utilized
to control the phase of CPG i ·

Rhythm generetaor
r dx,ldt ,-..: - -,

'"-rdx,Idt : 61 Z):
t'e.;; _I

XR : ~ J!I
I bO Q,)I
I a ell,

-XR 'E-< '
~----

Fig. 3 Block diagram of RG

Fig. 2 Block diagram of CPG i

A

(1)J2 Xi (2 2) dXi 2- - 21' A - X - + B. X· = 0
dt2 I dt I f

model (CPG i ) is written as Eq. (I).

Here Xi, Bllf, and k denote the target signal, the natural
frequency of the CPGs, and the gain factor, respectively.
The target signal is an oscillation that has the desired phase
difference and is assigned by network designer beforehand.
The method of assignment is discussed in Sect. 3.2. The
value of bi detennines the phase shift of CPG i . After the
phase difference between the output signal Xi and target
signal Xi becomes 0, the value of bi approaches o. The
value of k can be used to control the time taken to attain
the stable state.

The block diagram of CPG i is shown in Fig. 2. The
period of the output signal Xi is controlled by bi so that
the phase difl'erence between the control and target signals
becomes o.

(6)

Bi = Bllf+bi

bi = k(Xi - Xi)

(2)

(3) d:,R remain constant even if the parameters A and Bllf are
changed. T is defined as in Eq. (6).

max(xll) 2A
T = =--,.--

max(dxlI) max(dxlI)
dl dt

Here maxO is the max function. Since the amplitude of XR

is controlled by parameter A, the value of max(xR) can be
rewritten as 2A. On the other hand, the value ofmax(dXR)
is taken from simulation results, because it cannot be e~~i
mated beforehand. The values of A and Bllf in the RG are
cqual to those in the CPG in Fig. 2. The desired target sig
nals of the CPGs are selected by the target signal selector
in Fig. 3. The function of the selector is expressed as Eq.
(5). For instance, when - XR is selected for target signal Xi,

the combination of Cil and Ci2 is set to be Cil =-1 and Ci2=O.

3.2 Rhythm generator
3.3 CPG network design for the tripod gait

T determines the dimensions of XII and (~~:' , and adjusts the

1· d f drRamp ltu e 0 dt to ensure that the amplitudes of XR and

The configuration of the RG is shown in Fig. 3. The
RG is designed as the target signal generator on the basis
of the VDP equation.

The value of XR or d:: is used as the target signals. Target
signal Xi is represented by Eq. (5). Cil and Ci2 are connec
tion weights with a value of -1,0, or 1, and are detennined
by the gait transition we intend to control. Either Cil or Ci2

is always O.

Fig. 4 shows the gait transition of the tripod gait. The
arrows represent the directions of the phase transition. The
output signals of CPG 1, CPG2 , CPG), CPG4 , CPGs, and
CPG6 are sent to the LF, RF, LM, RM, LH, and RJ-I, re
spectively. The procedure for designing the CPG network
for the typical hexapod gait is as follows.

1. One RG and 6 CPGs are prepared. The number of
CPGs corresponds to the number of legs.

2. Parameters A and Bnf arc input to the RG and CPGs.
Because of this structure, each CPG can achieve in
dependent controllability of the amplitude and pe
riod of the output signal Xi.

3. The output signal of each CPG is allocated as the
control signal to each leg.

4. The target signal Xi ofCPG i is determined on the ba
sis of the gait transitions. In this study, target signal

(5)
dXR

Xi = CilXR + Ci2T
dt
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Target signal
selector

Fig. 4 Gait transition of tripod gait

Xi is designed on the basis of the gait transition of
the tripod gait (Fig. 4).

5. XR is selected for consistency target signal XI. The
output signal ofCPG\ acts as the reference signal for
calculating the phase differences between CPG I and
the other CPGs (CII = I, CI2=0).

6. The output signal X2 controls RF. Since the phase
difference between LF and RF is Jr, -XR is selected
for target signal X2 (C21 =-1, C22=O).

7. -XR is selected for target signal X3 , because the
phase difference between LF and LM is Jr (C31 =-1,
C32=O).

8. XR is selected for target signal X4 , because the phase
difference between LF and RM is 0 (c41=1, C42=0).

9. XII is selected for target signal X s, because the phase
difference between LF and LH is 0 (CSI = I, CS2=0).

10. The output signal X6 controls RH. Since the phase
difference between LF and RH is Jr, -XR is selected
for target signal X6 (C61 =-1, C62=0).

The configuration of the CPG network is shown in Fig.
5 [22]. From this design procedure, we confirm that the
connection weights Cil and Ci2 and the configuration of the
CPG network can be logically and uniquely determined
from the gait transition.

3.4 Flexible mode

Fig. 5 CPG network configuration for tripod gait

Fig.6 Block diagram of CPG i with flexibility

Fig. 6 shows a block diagram of CPG i with flexibility.
Xi, Xi, k, bi(t), f, Xi(O), and (~i 11=0 denote the target sig
nal, the output signal of CPG i , the gain factor, an external
signal, the nonlinearity coefficient, and the initial values of
Xj and ~i, respectively. According to the situation, either
normal mode or flexible mode is applied, in other words,
either bi(t) or k(Xi - Xi) is chosen for bi. In normal mode,
the period of the output signal Xi is controlled by adjusting
bi until (Xi - Xi) becomes 0 as mentioned above. On the
other hand, in flexible mode, the period of Xi is controlled
until (Xi - X;) becomes bi (t).

A stability analysis of the flexible mode can be con
ducted by using the VDP equation. This is because a con
stant value is assigned as bi (t) during the mode. In other
words, Bnf + bi (I) can be considered as a constant value.
Therefore, it is confirmed that the CPG network with the
flexible mode has a limit cycle.

In our previous research, the proposed CPG network
generates only four phase differences: 0, ~, Jr, and ~.

However, it can be easily imagined that a variety of phase
differences can be freely generated if a constant value is
temporarily assigned to bi. It is considered that this feature
can be regarded as a flexible mode. The operation can be
represented by Eq. (7).

bi ={
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bj(t)
k(Xi - Xi)

, if in flexible mode
, otherwise (normal mode)

(7)

4. Hexapod Robot Yamac-H

In order to implement the CPG network, a hexapod
robot called Yamac-H is designed in this paper. The design
procedure was as follows. Autodesk Inventor was used
for designing Yamac-H. Each part of the robot was made
of acrylonitrile-butadiene-styrene (ABS) resin shaped into
the desired size using an NC cutting machine. Table 1
shows the physical parameters of Yamac-H, which is 210
[mm] in length, 120 [mm] in width, 130 [mm] in height,
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Table 1 Physical parameters of Yamac-H Table 2 List of Yamac-H components

,~vee3.1-, ~ ~, (12V)

GND3

.10 I 2

GND I VeeO GNDO
(+5V)

Model name ~

DC power slipply_2 DC power slIpplL3
ri1----<J-< Vee?J2LlJ---, ~(72V)

UGND2
Sensor_input

.14 123456

Name

Servo motor Futaba S31 10 12
Servo controller AGB65-RSC I

PIC PICI8F252 I
Sensor Keyence PZ-V I I 6

OC power slipI'lL I

J1~~veel, tl (9V)
o

GNDI
GNDO VeeO

JO

20MBz PIC 181'252

",
GNDI

mass of the robot 564 g
width of the body 120 mm
width of the robot 200 mm
length of the body 205 mm

height of the robot 130 mm

length of the robot 210 mm
length of 1st legs 65 mm
length of 2nd legs 60 mm

Fig. 7 Appearance of Yamac-H
Fig. 8 Control circuit of Yamac-H

and 564 [g] in weight, and has 6 legs. Each leg has two
joints, namely, the hip and knee joints, which rotate around
the pitch axis. Fig. 7 shows the appearence of Yamac
H. A DC motor is attached on each joint. A photoelectric
sensor that can detect the time when the tip of the leg col
lides with the ground is attached on the knee joint. The
main components of Yamac-H arc listed in Table 2. The
proposed CPG network is calculated using a peripheral in
terface controller (PIC) with product number PIC 18F252.
Each hip joint is controlled by the output signal Xi from
the CPGs and each knee joint is operated in accordance
with the movement of the hip joint in each leg. The pe
ripheral circuit ofYamac-H is shown in Fig. 8. The power
supplies for controlling the motor controller, servo motors,
and sensors have voltages of 9 [V], 7.2 [V], and 12 [V],
respectively.

5. Simulation and Experimental Results

5.1 Simulation results for CPG network

In order to verify the effectiveness of the proposed
method, operations of the CPG network were investigated
by the 4th-order Runge-Kutta method. Figs. 9(a) and 9(b)
show the simulation results for the tripod gait. In this sim
ulation, E, dt, and k were 0.2, 0.1, and I, respectively. As
has been mentioned, for the hexapedallocomotion genera

tor, CII, C21, C31, C41, CSI, C61, C12, C22, Cn, C42, CS2, and C62

were detennined to be 1, -1, -I, I, I, -I, 0, 0, 0, 0, 0, and 0,
respectively. Parameters A and Bill were provided by ex-

ternal signals and were 0.5 and I, respectively. Ultimately,
these parameters A and BI11 are detennined in view ofa de
sired walking speed of robots, a rotation angle of legs, and
a length of each leg. The initial values of X and dXi were

I dl
chosen randomly. In this simulation, the following values
were selected: XR=O.4, XI =0.1, x2=-0.3, X3=0.4, x4=-0.1,
xs=-O.4 x6=0.7 dXR =0.5 dXI =0 2 dX2 =03 dx] =-03

, 'dl 'dt' 'c!f ., ell . ,
dx, _ °2 dxs -0 3 d dxodf -- . , df - . , an df =-0.1. The output values of
the CPGs and the transitions of bi were measured for up
to 800 steps. In Fig. 9(a), it is confirmed that the ampli
tude of the output signals becomes almost 2A in a stable
state and that the phase differences between CPGs are con
trolled, as shown in Fig. 4. From Fig. 9(b), it is found that
bi becomes 0 after the phase of each Xi is controlled by ad
justing target signal Xi. In this simulation, the operation
that the value of bi omits 0.3 or less was added, because
Xi is not necessarily equal to Xi. This process is applied
in all other experiments. The horizontal line in Fig. 9(b)
indicates that bi=0.3.

Fig. 10 shows the simulation result for the output signal
in normal and flexible modes. In the Figure, the transitions
of four output signals from the CPGs and the controlled
signals of b2 , b3, and b4 are shown. In this simulation, the
CPG network comprised one RG and four CPGs. Up to
1200 steps, normal mode was selected and the phase dif
ferences of the four output signals were controlled to O.
After that, flexible mode was selected and b2 , b3 , and b4

were set to 0.2 by external signals. The application time
for each bi was as follows: b2 from 1200 steps to 1250
steps, b) from 1200 steps to 1300 steps, and b4 from 1200
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Fig. 9 Simulation results for tripod gait
Fig. 10 Simulation results for CPG network in normal and
flexible modes

steps to 1350 steps. Even after 1200 steps, b l was always
set to 0 so that the output signal XI was a reference signal
with respect to other output signals xz, X3, and X4. From the
simulation result, it was confirmed that the controlled val
ues of these phase differences were proportional to the time
for which the external signals were applied. In this study,
bi(t) was assigned by a designer beforehand. However, ul
timately, bi(t) can be generated by robots. For instance, it
is assumed that a circuit that can calculate the total cur
rent consumption of all servo motors is installed and that
the generation of a gait with low power consumption is re
quired. When the current consumption suddenly increases
owing to environmental changes, the walking gait must be
slightly changed. In this situation, b;(t) can be utilized. A
value of b;(t) propOliional to the current consumption can
be automatically detern1ined, which can be assigned until

the consumption decreases.

5.2 Experimental results for Yamac-H

Fig. II shows the walking behaviors of Yamac-H. The
tripod gait has two phases termed phase PI and phase Pz.
The arrows in Figs. 1I(b) and 11 (d) indicate the legs on
the ground. In phase PI, RF, LM, and RH are in the stance
phase and RM, LF, and LH are in the swing phase. Re
versely, in phase Pz, RF, LM, and RH are in the swing
phase and RM, LF, and LH are in the stance phase. These
photographs indicate that Yamac-H can walk on flat terrain
and that the tripod gait can be generated using the output
signals shown in Fig. 9(a).

In the case when A = 0.5 and B,,/ = 1.0 used in Sec.
5.1, Yamac-H walked dynamically with a stride of approx-
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6. Discussion

Fig. 13 Walking trajectories of Yamac-H
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A key concept of the proposed CPG network is as fol
lows. Typical quadrupedal and tripod gaits can be de
scribed using only four different phases: 0, ~, Tf, and ¥.
Therefore, in the proposed CPG network, the control sig
nal produced by the RG for each CPG can be represented
by ±x and ± ~, which are the calculation results obtained
from the VDP equation.

In the proposed CPG network, the amplitude and pe
riod of the output signals were simulated for different val
ues of parameters A and BII/. Fig. 14 shows the simulation
results. [n this simulation, c and the initial values of xR, Xi,

'~;t" ' and ';~' were randomly assigned U= I, 2,. .. , 6). In the
case of A=O, the CPG network operated as a damped os
cillation. Oscillatory solutions were always obtained from
the network when A<BII/. In Figs. 14(b) and 14(c), each
dotted line represents the theoretical line discussed in Sect.
3.1. From the simulation results, it was confirmed that the
amplitudc and period of the limit cycle could be indepen
dently controlled by varying parameters A and BII/, respec
tively. In particular, in a steady state, the amplitude be
comes almost 2A, and the period is inversely proportional
to BII/. These experimental results show that the proposed

imately 30 [nun], a period of 1.7 [s], and a speed of 2.2
[cm/s]. Moreover, the walking speed was measured for
various values of A and BnI- Fig. 12 shows the experi
mental results. It is confirmed that the parameter BII/ can
greatly change the velocity. On the other hand, the speed
varies less with parameter A. In this study, the values of A
and BII/ were assigned by a designer beforehand. In order
to clear the effects of these parameters, only the output sig
nals from CPGs in a stable state were used for controlling
each hip joint. In the experiments, c, dt, and k were 0.2,
0.1, and I, respectively. As has been mentioned, CII, C21,

C31, C41, CSI, C61, C12, Cn, Cn, C42, CS2, and C62 were set as
I, -I, -1,1, I, -I, 0, 0, 0, 0,0, and 0, respectively, and the
initial values of Xi and :~i were chosen randomly. These
values were calculated using the PIC. When the relation
ship between the speed and parameter A was measured,
BII/ was set as 4, and when the relationship between the
speed and parameter BII/ was measured, A was set as 0.5.

Fig. 13 shows walking trajectories of Yamac-H. The
five trajectories were measured while changing the ampli
tude of the output signals through parameter A. Positions
of Yamac-H were plotted with respect to every ten sec
onds. In this experiment, the parameter BII/ was set as 2.5.
The right side (Rr, RM, RH) and left side (LF, LM, LH)
amplitudes were separately controlled in this experiment
only. fj. denotes the difference of parameter A between the
one of CPG\, CPG3 , CPGs and the one of CPG 2 , CPG4,

CPG6 . From Fig. 13, it is confirmed that the larger the
value of fj., the more bent the walking trajectory becomes.
As mentioned in Sect. 2, turns are produced by changes
in the amplitude, that is, the step length. These changes
of walking direction can be easily achieved by the param
eter A, because the proposed CPG network has the high
controllability of the output signal Xi.
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Fig. 14 Output signals for diffcrent values of the two parametcrs

CPG network maintains the feature of independent con
trollability of our previous CPG network. This feature is
expected to be useful for locomotion signal generators for
hexapod robots, because it means that robot designers can
logically adjust the walking speed through parameters A
and BI/J.

In this paper, we did not show the effectiveness of the
flexible mode using Yamac-H. The mode will be required
in situations such as a change in external environment and
a breakdown of the legs or body. In order to validate the
model using an actual robot, it is necessary to install other
types of sensors that can detect these changes and to alter
the configuration of Yamac-H. In our experiments, in or
der to demonstrate that the proposed CPG model can be
applied to a real robot, the walking behaviors of Yamac-I-I
in the tripod gait were analyzed for various values of the
parameters. Analysis of the behavior of Yamac-H in the
flexible mode is planned as further work.

7. Conclusions

We have proposed a CPG network with high controlla
bility for generating a tripod gait. The network is suitable
for a locomotion generator model for hexapod robots, be
cause its configuration and connection weights can be log
ically and uniquely designed and because the amplitude
of the output signals can be easily estimated by the de
signer beforehand. The output signals from the CPG net-

work were implemented in a motor controller to control
a hexapod robot named Yamac-H. From our experimental
results, it was confirmed that Yamac-H generated the tri
pod gait, was able to walk on flat ground, and was able to
change the walking directions. The behaviors can be easily
accomplished by changing the only one parametcr in each
CPG, because the proposed CPG network has the feature
of high controllability in comparison with the conventional
ones. Moreover, the network can generate output signals
with a variety of phase differences using external signals.
Some gaits which were composed by those output signals
will be able to adapt to changes of external environment.
We emphasize that the proposed CPG network is suitable
for a hexapod locomotion signal gcnerator.
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