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Abstract 

This work concerns biped adaptive walking control on slope terrains with online trajectory generation. In terms of the lack of satis-
factory performances of the traditional simplified single-layered Central Pattern Generator (CPG) model in engineering applications 
where robots face unknown environments and access feedback, this paper presents a Multi-Layered CPG (ML-CPG) model based on a 
half-center CPG model. The proposed ML-CPG model is used as the underlying low-level controller for a quadruped robot to generate 
adaptive walking patterns. Rhythm-generation and pattern formation interneurons are modeled to promptly generate motion rhythm and 
patterns for motion sequence control, while motoneurons are modeled to control the output strength of the joint in real time according to 
feedback. Referring to the motion control mechanisms of animals, a control structure is built for a quadruped robot. Multi-sensor models 
abstracted from the neural reflexes of animals are involved in all the layers of neurons through various feedback paths to achieve 
adaptability as well as the coordinated motion control of a robot’s limbs. The simulation experiments verify the effectiveness of the pre-
sented ML-CPG and multi-layered reflexes strategy. 
Keywords: Multi-Layered CPG (ML-CPG), biological reflex, quadruped robot, adaptive walking 
Copyright © 2018, Jilin University. 

 

1  Introduction 

Depending on nervous systems and sensory feed-
back, animals can generate stable and adaptive motion in 
complex and unknown environments. It has been re-
vealed that the rhythmic movements of animals are 
generated by a series of neural networks called Central 
Pattern Generators (CPGs)[1,2]. Many attempts at robot 
motion control in the study of the CPG control mecha-
nism have been made[3–9]. There are two kinds of CPG 
modeling approaches. One is based on neurons. This 
kind of model is used to simulate the generation and 
dynamic behavior of the action potential of a biological 
neuron action potential. Examples of this kind of model 
include the H-H model[10,11], the FitzHugh-Nagumo 
model[12,13], the Morris-Lecar model[14], and the Ma-
tsuoka model[15-18] etc. This single CPG model based on 
neurons can generate a rhythmic signal that is like a sine 
wave. The response of the model to sensing information 
is to complete an action by adjusting the rhythmic os-
cillation signal amplitude and cycle. The other modeling 
approach involves the use of a nonlinear oscillator to 
model a CPG. The Kuramoto model[19] and the Hopf 
model[20] are representative examples. Use of a nonlin-

ear oscillator with limit cycle characteristics as the CPG 
unit is mainly done to research the process of coupling 
between elements of an overall property. To some extent, 
these single CPG models can simulate the characteristics 
of a biological CPG, which partly conform to the re-
sponse characteristics of a biological neuron. Because 
the model is relatively simple, it is convenient for use in 
some engineering applications, such as for snake robot 
crawling and fish robot swimming[21]. 

For a biped robot to walk in various ground condi-
tions, the CPG control is primarily based on the simpli-
fied single-layered CPG model with some feedback 
added, which is used to establish the connection rela-
tionship between neurons to produce more patterns. 
However, it also has defects that restrict the effective-
ness of its application. The sensing information that is 
used to adjust the movement is not easy to access. The 
approach to accessing feedback often involves trial and 
error. Moreover, the use of feedback information, the 
response of which to environmental changes is not suf-
ficiently comprehensive and rapid, often yields only an 
adjustment to the cycle and amplitude of rhythmic 
movement. 

Biologists have found that compared with lower 
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organisms, the CPG neural network structure of reptiles, 
mammals and other higher animals is more complicated. 
Therefore, biologists have built different CPG neural 
network structure models to explain the control mecha-
nism, one of the most famous being the half-center CPG 
model structure proposed by Brown[22]. Through ex-
tending the traditional half-center model, Perret et al.[23] 
set up the two-layered CPG model, which controls the 
issuance and the intensity of a pulse of motoneurons. 
Based on the two-layered CPG neural network, Burke[24] 
introduced sensing information to the middle layer and 
the motor layer of neurons to realize the layered regula-
tion of motoneuron output. Combined with the CPG 
interactive control and robot multi-joint coordinated 
control, Sun et al.[25] studied a two-level CPG control 
mechanism to coordinate the drivers of robot joint, while 
various feedback information are introduced into the 
control mechanism. Manoonpong et al.[26] designed a 
hierarchical neural network that included the CPG 
model to control the leg movement of a robot. Noble et 
al.[27] designed a joint model controlled by a pair of 
antagonist muscles that can change their angle and 
stiffness independently. The control system is a 
multi-layered CPG, each layer of which adopts the H-H 
neuron model. The connection weights between neurons 
are adjusted by learning. Nassour et al.[28] studied the 
multimode CPG model and implemented the adaptive 
motion control of a humanoid robot. Mcrea et al.[29] 
carried out supplementation and correction of the tradi-
tional half-center model; the multi-level CPG neural 
network structure model they put forward better reflects 
the characteristics of biological rhythmic movement. 

The main contribution of this paper is to present a 
layered CPG model that can generate different motion 
patterns by altering only several model parameters. The 
presented ML-CPG model can offer a wide variety of 
rhythms, patterns and different possibilities to control 
these patterns to produce walking behaviors. Multiple 
biological reflex models are established and interact 
with the ML-CPG. Each reflex is adapted to different 
layers of the architecture according to the corresponding 
function complexity and real-time requirements. 
Moreover, reflex modules are isolated from each other. 
The proposed CPG model is validated through simula-
tions of a quadrupedal robot. 

The rest of this paper is organized as follows. Sec-
tion 2 describes the ML-CPG model in detail. Section 3 
details the entire locomotion control architecture for a 
quadrupedal robot. The stability of the proposed model 
for walking on a flat terrain and its adaptation in reaction 
to an external unknown slope is verified in section 4. 
Section 5 gives the conclusion and discussion of the 
proposed model. 

2  Modeling of ML-CPG 

2.1  Neural oscillator-based trajectory generators 
In this work, based on Rybak’s[29,30] work on the 

two-level CPG model, the basic CPG diagram for one 
robot joint is proposed in this work as Fig. 1 shows. 

The proposed ML-CPG architecture consists of 
three layers: (i) Rhythm-Generation neurons (RG); (ii) 
Pattern-Formation neurons (PF); and (iii) motoneurons 
(MN). In the rhythm-generation layer, rhythmic signals 
are generated, and its parameters can be modulated eas- 
ily. In the pattern-formation layer, modulation signals of 
the movement patterns are generated to determine the 
different motion modes of controlled objects. Under the 
control of motion mode commands, the motoneuron 
layer can calculate and control the controlled object to 
generate specified trajectories according to the feedback 
information. The three layers can be regarded as an open 
structure with access ports in-between, as well as regu- 
latory information from the top. Because the sensory 
feedback modulates the movement of the layered CPG 
neurons, the controlled  object,  the environment and the  
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Fig. 1  Multi-layered CPG model for one joint. 
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CPG controller can constitute a closed-loop control 
system. 

 
2.2  Interneurons network model 
2.2.1  Neural model 

The Hopfield continuous neuron model[30] is used 
to construct interneurons, the equation is as:  
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where yi represents the neuron membrane potential, τi is 
a time constant, and Ri is the damping coefficient of 
neuron conduction. xj represents the jth feedback that a 
neuron receives. σ(xj) can be interpreted as the strength 
of external excitation on the neurons. ωji is the connec- 
tion coefficient from the jth neuron to the ith neuron, 
while Θj is the role of the threshold of feedback xj.  

The neuron model can quickly respond to feedback 
signals that are beyond the neuron threshold value. In a 
complex environment, robots need to receive a variety of 
sensing information to generate the corresponding mo-
tion control signals. Thus, based on the work of Ref. [25], 
in this work, dynamical model in Eq. (1) is modified as 
Eq. (2), which is used to construct the Hopfield neural 
network. 
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where N is the number of neurons, Tji represents  
the connection coefficient between neurons. The input 
item of external feedback Ii is a bounded function  
ranging from 0 to 1. The interaction strength of the jth 
feedback is kj. g(y) is an S-function expressed as  
g(y) = 1/2(1 + tanh(2σy)). yi and ui are the intermediate 
state and final output of the neurons, respectively. 

When the sensing information exceeds the thresh-
old Θj, Ii rapidly grows and reaches its peak value. At the 
same time, Ii stimulates the output of neurons to its peak. 
In this model, the intermediate state of neurons yi being 

positive indicates that its drive muscle is active, while it 
being zero represents the corresponding muscle in a state 
of inhibition. A negative output of neurons has no prac-
tical significance in engineering; therefore, a neuron’s 
final output item is expressed as ui = max{yi,0}. 

 
2.2.2  Interneurons network 

In this work, a neural network model is developed 
for a robot joint and simulates a biological joint with 
extensors and flexors working together to control the 
movement. The network structure is shown in Fig. 2. 

The neural network consists of a rhythm generator 
and a pattern generator, each of which is connected by 
via stimulation and inhibition connections. The move- 
ment model signals of a joint are output through the 
receiving and processing of external sensing information. 
As seen from Eq. (2), when N = 4, the dynamic model of 
the interneurons network is expressed as:  
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                                 (3) 
In Eq. (3), each neuron is connected to another 

neuron of the same layer through inhibiting connections,  
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Fig. 2  Structure of interneurons network. 
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while the different layers are connected through stimu-
lating connections. Set the absolute values of the con-
nection weights equal, and set the neural network con-
nection matrix as:  

0 1 0 0
1 0 0 0

.
1 1 0 1
1 1 1 0

ij

−
−

=
− −

− −

T                        (4) 

Analyze the stability of the neural network and set 
matrix W as: 

τ

.
2

ij ij+
=

T T
W                           (5) 

If μmax is the maximum value of eigenvalues of 
matrix W, then there exists the following theorem. 

According to Theorem in Ref. [31]: Assume that 
the derivative of each activation function is positive and 
bounded, for all x ∈ R1, if 0 < gi′(x) ≤ σi, and 
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1 ,
i iR

μ
σ

<                                (6) 

where σi > 0, i = 1,···, N, σi being the maximum value of 
gi′(x), then the neural network Eq. (3), the connection 
matrix of which is Eq. (4), has one and only one equi-
librium point. 

Obtain μmax = 2 through calculating the eigenvalues 
of matrix W; then, when the range of parameters is sat-
isfied, with Riσi < 0.5, the neural network has one and 
only one equilibrium point. This is a reference to the 
parameters selection at the construction of interneurons 
network to guarantee its stability. 

 
2.2.3  Output of interneurons network 

Biological walking involves repeated periodic mo-
tion. Thus, in actual control, the interneurons network 
mainly needs to respond to periodic sensor information. 
Here, considers the sine signal as an example, the re-
sponse of a rhythm generator is shown in Fig. 3. The 
neurons β1A and β2A receive periodic external feedback 
xiA, and their output is the rhythmic signal uiA. The am-
plitude of the sine signal xiA is Amp = 20, while its period  
is T = 2π. The parameters of the rhythm generator  
are selected as τ1A = τ2A = 0.1, R1A = R2A = 1, and  
σ1A = σ2A = 80. 
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Fig. 3  Response of a rhythmic generator to a periodic signal. 

 
As Fig. 3 shows, a rhythm generator can respond to 

feedback that exceeds a threshold. The output signal also 
possesses the states of excitement and inhibition and the 
characteristics of the outbreak and platform. The two 
output signals of neurons inhibit each other, which can 
be used to control the periodic contraction movements of 
extensors and flexors. The response of a pattern gen-
erator to the periodic input signal, which is expressed as 
follows, is further investigated. 

The neurons β1B and β2B receive periodic external 
feedback xiB. Under the control of the rhythmic genera-
tor uiA, the pattern formation outputs the model signal uiB. 
The amplitude of the sine signal xiB is Amp = 20, while its 
period is T = π. To distinguish the output of neurons β1B 
and β2B, the initial phases of x1B and x2B are set to 0 rad 
and −1.2 rad, respectively. The parameters of the pattern 
generator are selected as τ1A = τ2A = 0.1, R1A = R2A = 1, 
and σ1A = σ2A = 80. As Fig. 4 shows, a pattern generator 
can also respond to feedback that exceeds the threshold 
under the stimulus of the output signals of upper neurons. 
To cope with various sensing information, a pattern 
generator can output different amplitudes of the signals 
to express different forms of motion. 

 
2.3  Motoneurons model 

A single robot joint is considered on the basis of the 
interneurons network established in Fig. 5. The interac-
tion of a robot with its environment and the dynamics 
analysis is not considered.  

The single robot joint is treated as a second-order 
spring-damper system. The dynamic system can be de-
scribed as follows with the parameters: damping coeffi-
cient   being  be = bf = b  and   elastic   coefficient   being  
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Fig. 5  Engineering model of movement formation. 

 
ke = kf = k. The transfer function of this second-order 
spring-damper system is:  

( ) ( ) ( ) 2
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= =
+ +

             (7) 

Proportional differential control is implemented in 
this system, and the transfer function of the controller is: 

( ) ( )c p d1 .G s K T s= +                             (8) 

In the actual control of a robot, the execution of 
different commands results in different transfer func-
tions   in   each   joint.   The   sensory   information   that  
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Fig. 6  Output of the motoneurons. 

 
motoneurons receive and the transfer functions will be 
analyzed and built based on the robot movement proc-
ess. 

The transfer function H(s) of the system is set as  
Eq. (8), assuming that m = 2, b = 5 and k = 1. Then, the 
motoneurons are stimulated using the pattern signals in 
Fig. 4 and the coefficients of proportion and differential 
control are taken as kp = 600, Td = 50, respectively, to 
investigate the response output of the motoneurons. Let 
u1B and u2B be the output of the pattern generators cor-
responding to the extensor and flexor, respectively, f be 
the external feedback, the period of which is the same as 
that of the pattern signals. When the output of u1B and 
u2B is non-zero, the corresponding muscle is active. 
Under such a condition, the muscle receives external 
feedback and generates different movement models 
according to different pattern signals. Set the expres-
sions of the outputs F1(u) and F2(u) of the motoneurons 
as: 
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The response of the motoneurons is shown in Fig. 6. 
In Fig. 6, the first two curves are pattern signals of the 
interneurons network, and the third f is external feedback 
that the motoneurons receive. 

The final curve xd is the actual response of the 
spring-damper system, with some delay due to the out-
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break and attenuation of pattern signals. Observing the 
curve xd reveals that the speed and form of system 
movement both change periodically with the rhythmical 
variation of the movement pattern and the feedback 
information. This indicates that under the activation of 
pattern signals, the motoneurons can respond in real time, 
calculate the target trajectory online according to the 
sensing information, and then, control the system re-
sponding quickly to close to the target value. 

3  ML-CPG for quadrupedal robot 

3.1  Structure of the robot platform 
A quadrupedal robot is used as the research plat- 

form for verifying the presented ML-CPG motion con- 
trol method. As Fig. 7 shows, each leg has two initiative 
joints: hip and knee. The robot has dimensions of  
560 mm × 200 mm × 300 mm, excluding the head, while 
the length of each femur and tibia is 140 mm. The mass 
of the whole robot is 7.2 kg.  

The robot is equipped with the following sensors: 
GPS, an accelerometer and a gyroscope, which are set on 
the trunk. The GPS can obtain information from the 
controller program regarding its absolute position. The 
accelerometer node measures the acceleration and grav-
ity induced reaction forces over 1, 2 or 3 axes, and it can 
be used to detect a fall, the up/down direction, etc. The 
gyroscope is used to acquire the inclination of the body. 
More scrupulously, position sensors, which can obtain 
the values of all positions and angles, are placed in each 
joint. 

 
3.2  ML-CPG interactive control structure 
3.2.1  Single-legged CPG control structure 

Based on the ML-CPG neural network of one joint, 
the control mechanism of single-legged CPG motion is 
established to extend of the neural network of a single 
joint. In Fig. 8, the meaning of each shape is identical to 
that in Fig. 2. This control structure consists of a rhythm 
generator, pattern formation, motoneurons layer, virtual 
robot muscles, and feedback from the interaction be- 
tween the robot and its environment. The three layers of 
neurons receive feedback information from the robot 
itself and the interaction of the robot with its environ- 
ment. The rhythm generator is composed of two neurons 
of  mutual  inhibition,  which  correspond  to the extensor  

 
Fig. 7  Screenshot of the quadrupedal robot. 
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Fig. 8  Structure of the single-legged multilayer CPG interactive 
control. 

 
and flexor groups. The pattern formation is composed of 
four neurons γ1, γ2, θ1 and θ2, which control the extensor 
of the hip and the knee and the flexor of the hip and the 
knee, respectively. 

In this control network, the lower neurons are 
completely activated by the upper instructions. There-
fore, in the pattern generators and motoneurons, the 
flexor and extensor neurons do not need inhibitory 
connections between them to produce the inhibitory 
output. The inhibition of relations is expressed by the 
dotted line in the figure. 

 
3.2.2  Four-legged CPG control structure 

By merging the four, identical, single-legged CPG 
control mechanisms and adding stimulating or inhibitory 
connections between rhythm generators in the same 
group  and  the  different  groups,  the  four-legged  CPG  
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Fig. 9  Connection structure diagram of the rhythm generators. 

 
control structure can be established. The new control 
mechanism can coordinate the quadrupedal robot to 
generate a stable walking motion. The connection 
structure diagram of the four rhythm generators is shown 
in Fig. 9. 

A and B are forelegs, the rhythm generators of 
which consist of two completely symmetrical parts re-
sponsible for the control of A and B. The extensor and 
flexor are linked by an inhibitory connection. C and D 
are hind legs, the connection between which is the same 
as for A and B. Because A and C are in one group during 
actual movement, the rhythm generators of the extensor 
are connected by a stimulating connection, the role of 
which is to coordinate touchdown information and de-
termine the action time of the landing phase. This con-
nection is also used for the B and D group. Furthermore, 
the pattern generators and motoneurons of each leg are 
expanded, as shown in Fig. 8. Thus, with the integral 
control structures of the four legs, the interneurons 
network of the quadrupedal robot is complete. 

On the basis of adding stimulating and inhibitory 
connections to the four legs of the robot, multi-sensor 
information is further introduced to the rhythm genera-
tors, pattern generators and motoneurons of the control 
system. Therefore, the two groups of legs can be con-
trolled to alternately generate stable rhythmic move-
ment. 

 
3.2.3  Feedback path of multi-sensor information 

Different sensing information is transmitted to all 
the layers of neurons through different feedback paths. 
This layered transmission structure can enable a robot 
system to process multi-sensor information rapidly and 
in real time. The feedback path is shown in Fig. 10. 

The sensor information accessible to the control 
unit includes the movement state of the robot itself, such 

as the movement information of the hips and knees, and 
the interaction state, such as the body angles and joints 
angles. The introduction principle of the sensor infor-
mation is as follows: (1) Interneurons receive the sensor 
information reflecting the interaction state of the robot 
with its environment. When receiving the upper in-
structions and the sensing information of the interactive 
state exceeds the threshold of neurons, the correspond-
ing responses are generated, and the movement instruc-
tions are output to activate the lower neurons. Hereinto, 
the sensing information of pressure under the foot re-
flects the interaction state of the robot as it contacts the 
environment; (2) Motoneurons receive the sensor in-
formation reflecting the movement state of all parts of 
the robot and plan the trajectories of muscles in real time. 
In this sensing information, the position information of 
hip and knee joints reflects the motion state of the robot. 
Motoneurons plan the movement trajectory of each 
muscle in real time according to the body angle and the 
movement state of the knee and hip joints. 
 
3.2.4  Coordinated motion control method of robot 

To realize quadrupedal walking, the four legs of the 
robot must be coordinated. The coordinated control of 
robot limbs is realized by changing the motion sequence 
and intensity of leg joints. Then, the coordination control 
unit of the robot is established, and the coordination of 
the robot’s limbs is realized by adjusting the input signal 
and the time delay of neurons. The realization of the 
action sequence of one robot leg is shown in Fig. 11. 

Set the target motion cycle given by the control 
system as T, and switch the landing foot to the swing 
phase while the swinging foot is at the moment of 
touchdown; thus: 

r 1 2 f ,T t t t t= + + +                    (10) 

where tr is the time required for a robot leg to lift, which 
can be determined by planning in advance, t1 corre-
sponds to the time delay between the rhythm generator 
and the pattern generator, and t2 corresponds to the time 
delay between the pattern generator and the motoneu-
rons. During the execution of stepping forward and fal-
ling of a robot leg, the joint that determines the distance 
from the foot to the ground is mainly the knee. Based on 
the  motion  target of the  knee and  its joint  velocity, the  
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Fig. 10  Multi-sensor information feedback path. 
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Fig. 11  Robot leg action sequence. 

 
time that passes while a foot falls until achieving 
touchdown tf can be estimated based on the delay ad-
justment, and the control system can adjust the walking 
cycle to the target value. Then, the stride of the robot can 
be adjusted automatically by the control system ac-
cording to the target velocity and target motion cycle. 

 
3.3  Mathematical model of ML-CPG neural net-

work 
3.3.1  Mathematical model of interneurons network 

An interneurons network must respond to envi-
ronmental signals rapidly and control muscle motion 
sequences. First, referring to the connection structure 
diagram of the rhythm generator shown in Fig. 9, the 
mathematical model of the rhythm generators of forelegs 
A and B is expressed as Eq. (11), in which the meanings 
of parameters τ, y, etc., are the same as those in Eq. (2). 
The subscript β indicates that the layer of that neuron 
belongs to the rhythm generator, as shown in Fig. 8. In 
the same way, the equation of the neural network of hind 
legs C and D is built, the process of which is not repeated 
here. 

Second, the pattern generators of each leg are ex-

panded, as shown in Fig. 8. Here, take the leg A as an 
example to build the mathematical model (see Eq. (12)), 
In which, the meanings of parameters τ, y, etc., are the 
same as those in Eq. (2). The subscripts γ, θ indicate that 
the layer of that neuron belongs to the pattern formation 
and also represent extensor and flexor, respectively, as 
well as the subscripts e, f. Moreover, the subscripts H, K 
represent hip and knee, respectively. In the same way, 
the equations of the neural networks of the other three 
legs are built, the processes of which are not repeated 
here. 
 
3.3.2  Mathematical model of feedback path 

According to the multi-sensor information feed-
back path shown in Fig. 10 and the corresponding prin-
ciple, and combined with the coordinated control 
method, the mathematical model of the feedback path is 
set up. The sensor information added in the control 
structure is divided into three categories: (1) The inter-
action between the motoneurons of each joint. In the 
swing phase, the motoneurons of the knee joint need to 
integrate their output and the output of the knee joint 
itself; (2) the interaction between different groups of legs. 
The swinging legs must adjust the output of joints dis-
placement in real time according to the landing legs and 
body state, while the landing legs must contract in a 
timely way and into the oscillating condition according 
to the state of the swinging legs; (3) sensor information 
introduced in time delay. The delay of the hip flexor is 
adjusted based on the position of the knee, and the delay 
of the knee extensor is adjusted based on the position of 
the knee. 
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The multi-sensor information feedback path is 

modeled as mathematical equations as well. Here, take 
leg A as an example to illustrate the sensing information 
and structure of each neuron.  

First, add external feedback adjustment terms Iβ1 
and Iβ2 to the rhythm generator neurons β1 and β2. The 
rhythm generator chooses the movement phase after 
receiving information regarding contact between the feet 
and the ground. When the contact information is zero, 
the system determines that the robot is off the ground 
and switches to the swing phase; when the contact in-
formation exceeds a preset threshold, the system deter-
mines that robot is in the phase of touchdown. The 
feedback terms Iβ1, Iβ2 are expressed as: 
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where xc is the value of contact force between foot and 
ground, Θci is the threshold of sensor information, kβi is 
the interaction strength of feedback. The meanings of the 
other parameters are the same as those in Eq. (2). 

Then, establish external feedback adjustment terms 

IγH, IθH, IγK and IθK in the corresponding pattern generator 
neurons γH, θH, γK and θK, which represent the flexors 
and extensors of the hip and knee joints, respectively. 
The pattern generator chooses the movement behavior 
and sequence after receiving contact information, the 
joint angle and the output of the rhythm generator. The 
feedback terms IγH, IθH, IγK and IθK are expressed as: 
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            (14) 

where xa is the value of the knee angle. The meanings of 
the other parameters are the same as those mentioned 
above. 

Through the establishment of this model structure, 
a closed-loop control structure is formed among the 
robot, the ML-CPG neural network, and the environ-
ment, which is the foundation for realizing stable, coor-
dinated   robot    movement   in   an   environment.   The  
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feedback sequence embodied in the closed-loop control 
model is detailed in the next subsection. 

 
3.3.3  Mathematical model of motoneurons 

In the interactive control structure of the ML-CPG, 
the function of the motoneurons is to calculate and 
output the control torque, velocity or position of the 
joints in real time according to the sensor information. 
The input and output can be altered by changing the 
motion target. 

As known from the analysis of the neuron model 
above, the Hopfield continuous neuron model does not 
have fixed rhythms and patterns, and it is influenced 
passively by external sensing information in the deter-
mination of the motion sequence of a robot. Therefore, 
the final output of the model is a kind of timing signal, 
based on which there are some specific measures that 
should be taken to control the robot joints. In the current 
simulation experiments, the appropriate position control 
is chosen to realize the coordinated movement of the 
quadrupedal robot. 

Here, still take leg A as the example to set the con-
trolled quantity of the flexor and extensor positions for 
each joint. The generic motoneuron model of the hip 
extensor is proposed as Eq. (15). 

Set uγH and uθH as the output of the pattern gen-
erator corresponding to the hip extensor and flexor. The 
output value of FAHe and FAHf are both the position sig-
nal. s0 represents the initial position, and Δs represents 
the target position. Because robot legs A and C are in one 
group, and B and D are in the other during actual 
movement, when feet A and C are off the ground, the hip 
extensor of A is set in initial position, the output of 
which is zero; the hip flexor of A begins to contract and 
move towards the target position zero. When feet A and 
C detect that B and D are off the ground, the hip flexor is 
set at the initial position. At this time A and C touch the 
ground, the hip extensor of A begins to stretch and move 
towards the target position, which is set to kick back-
ward once.  

At the same time, the output of the pattern genera-
tor corresponding to the knee extensor and flexor the 

knee are set as uγK and uθK; then, the position signal FAKe 
and FAKf are the output value. When feet B and D are on 
the ground, the knee extensor of A begins to move to-
wards the target position, which is set to extend the 
lengths of the legs. In this way, feet A and C can touch 
the ground to activate the sequence of feet B and D. In 
the case of walking uphill and downhill, the target posi-
tion of the knee extensor needs to be modified according 
to the torso’s pitch angle.  

However, when the value exceeds a threshold and 
the length of the leg is sufficient to touch the ground, the 
knee flexor begins to shrink and move towards the target 
position, which is set to shorten the length of the leg to 
push forward. As with the extensor, the target position of 
the knee flexor is also modified in the same way. As in 
the analysis above, here, a whole cycle of the closed loop 
is completed, and a complete walking cycle of the 
quadrupedal robot is achieved. 

4  Experiment results 

To show the effectiveness of the proposed CPG 
model, two experiments of rhythmic pattern formation 
presented: walking on a flat terrain and walking on a 
sloped surface. Webots is used as the platform to process 
the simulation experiments. 
 
4.1  Gait stability analysis 

The parameters used in this experiment are shown 
in Table 1. With the parameters in Table 1, the robot 
moves forward on a flat surface with a forward velocity 
of 0.15 m·s−1, and the gait stability is validated.  

Fig. 12 shows snapshots of the walking motion of 
the quadrupedal robot, depicting 4 representative frames 
of one cycle. In each pivotal frame, the projection of the 
robot CoG (Center of Grass) on the ground is within the 
support polygon, which indicates that the robot can 
maintain balance of its body during walking. 

The phase diagram of the robot torso inclination in 
three dimensions during a long walking period (240 s, 
600 steps) is studied. The three angles of inclination are 
roll, pitch, and yaw, corresponding to the y-z plane 
(x-axis),   x-y   plane   (z-axis)   and   x-z   plane   (y-axis),  
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Table 1  Parameters used in the experiment 

Parameters Values 

Connection matrix of the rhythm generators A 
and B TβAB 

0 1 1 0
1 0 0 1
1 0 0 1

0 1 1 0

− −
− −
− −

− −

 

Connection matrix of the pattern generator A TθA 

0 1 1
0 1 1

0 0 0 0 0 0
0 0 0 0 0 0
0

1 1

0 0

1
1 1

0 0

1

0
0 0 0 0 0 0

− − −
− − −

Time constant τi 0.01 

Damping coefficient of neuron conduction Ri  1.00 

Parameter of transfer function of neuron σ 80 

Interaction strength of jth feedback kj 10 

Threshold of feedback Θ 0 – 1 

Initial position of hip joint extensor s0He 0 

Target position of hip joint extensor ΔsHe  −0.3 

Initial position of hip joint flexor s0Hf  0 

Target position of hip joint flexor ΔsHf  0.3 

Initial position of knee joint extensor s0Ke  0 

Target position of knee joint extensor ΔsKe  0.5 

Initial position of knee joint flexor s0Kf  0 

Target position of knee joint flexor ΔsKf −0.2 

 

 
Fig. 12  Simulation images of robot walking on a flat terrain. 

 
respectively. The three phase plane trajectories are 
demonstrated as follows. 

Figs. 13a–13c depict trajectories in the phase plane 
of the robot’s movement in the y-z, x-y and x-z planes, 
respectively. The motion starts from the initial state;  
therefore,  the  phase  plot  starts  from  the  origin point, 
and then the  trajectory spreads  out and stays on a stable  
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Fig. 13  Trajectories of the robot’s movement in the y-z, x-y, and 
x-z planes. (a) Phase trajectory in y-z plane; (b) phase trajectory in 
x-y plane; (c) phase trajectory in x-z plane. 

 
periodic attractor. The oscillatory movement becomes 
stable after several steps and converges to a limit cycle, 
which shows that the gait of the quadrupedal robot is 
stable and indicates that the control mechanism pro-
posed in this paper can control the quadrupedal robot 
such that stable movement as the robot interacts with its 
environment is achieved. 
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Fig. 14  Postural adjustment of the quadrupedal robot when walking uphill and downhill. 

 
4.2  Adaptation verification 

To verify the adaptation of the proposed ML-CPG 
due to the motoneurons feedback that is used to adjust its 
parameters, sloped terrain walking is performed. As in 
the above experiment of walking on a flat terrain, 
rhythmic patterns are also employed for walking on a 
sloped terrain; the difference is the postural reflex mod-
eled in the motoneurons. 
 
4.2.1  Postural reflex model 

In this work, the postural reflex behavior of animal 
is imitated and the simulation of a quadrupedal robot is 
carried out, attempting to make it walk uphill and 
downhill autonomously. From the observation of animal 
movement specifically, the postural reflex requires all 
legs to coordinate with each other harmoniously ac-
cording to the torso’s posture in response to the changing 
terrain in real time. Therefore, we choose to model this 
process in the motoneurons layer and design the robot’s 
postural reflex motion to satisfy the following demands: 
(1) The four legs are required to maintain coordination 
and obtain an adequate posture by changing the quantity 
by which they extend or shrink; (2) The forelegs should 
flex more than the hind legs for uphill walking, while 
they should flex less than the hind legs for downhill 
walking to decrease the torso inclination as much as 
possible. 

As shown in Fig. 14, postural adjustment while 
walking uphill and downhill is clearly demonstrated. 
The dotted lines are the re-adjusted positions, while the 
solid lines are the corrected ones. α is the slope angle, 
which may not equal to the pitch angle of the torso 
during actual motion. The increment of the positions of 
the legs Δθ, corresponding to the pitch angle φpitch with 

homologous gains kp, is accessible to the CPG network 
to adjust the output and generate the control signal with 
environmental adaptability. 

The designed coupling strategy is shown as: 

{ } { }

Feed p pitch

Feed Feed

.
e f

kθ φ

θ θ

Δ = ⋅⎧⎪
⎨Δ = −Δ⎪⎩

                  (16) 

In the case of walking uphill, a positive angular 
offset is added to the normal target positions of the 
foreleg hips, while a negative angular offset is added to 
the normal target positions of the hips of the hind legs. 
Similarly, the foreleg knees rotate further, with a positive 
angular offset to reduce the lengths of the legs. Therefore, 
the posture of the robot is adjusted to be gentler than the 
slope inclination and then to maintain the smoothness of 
motion. Conversely, when walking downhill, the com-
pensations of the hips and knees are automatically op-
posite those when walking uphill due to the adverse 
posture. The increment values are acquired based on the 
inclination of the robot’s torso using a built-in inertial 
unit to implement the function of an accelerometer and a 
gyroscope. 
 
4.2  Walking uphill and downhill experiment 

The slope profile is unknown to the robot. In view 
of the mechanical structure of the robot, the slope in-
clination is set to approximately 12˚. To verify the ef-
fectiveness of the postural reflection, two contrastive 
experiments (the parameters of the CPG network are the 
same as for plain walking) are designed. 

(1) Experiment 1: Under the condition without 
postural reflection, when the slope inclination is very 
small, the robot can walk uphill with a dangerous un-
steadiness. However, with the increasing slope inclina-
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tion, the phenomenon of slippage often occurs, which 
ultimately causes the experiment to end in failure. When 
the robot walks downhill, the capsizing phenomenon 
occurs as its CoG extends forward.  

(2) Experiment 2: With the addition of the proposed 
postural reflection, the robot can walk through the slope 
terrain successfully. The experimental results are shown 
in Figs. 15 and 16.  

Based on the characteristic of the postural reflec-
tion, access to feedback can change the interaction in-
tensity of the extensor and flexor neurons. Thus, the 
equilibrium position of the motoneurons output can be 
offset to adjust the motion of the hips and knees. When 
walking uphill, the pitch angle is positive, the average of 
which basically has a linear relationship with the slope, 
causing the equilibrium position of the curve to move 
towards the positive direction. Under the action of pos-
tural reflection, the output curves of the two front hips 
and knees gradually move upward because their position 
offsets continuously increase. Thus, the robot obtains a 
posture where its head is lower to maintain its balance 
and to counteract slipping, which is conducive to 
climbing. As the robot walks on the flat surface, the 
pitch angle is approximately zero, and each joint is in its 
initial equilibrium position at the zero line. The trunk of 
the robot is nearly horizontal. The exact opposite 
changes to all joints occur in favor of adjusting the robot 
posture while walking downhill. 

The value of the feedback coefficient kp has great 
influence on the quality of the robot’s ability to walk. If 
the feedback gain is too large, the offset of the equilib-
rium position would exceed the peak value of the output 
signal and result in the output being completely in the 
positive half of the shaft or negative half of the shaft. In 
addition, the pitch angle of the robot also has a slight 
fluctuation when walking on a flat surface. Thus, an 
overly large feedback gain would amplify the influence 
of this fluctuation on the CPG output and then aggravate 
the stability of the robot’s horizontal walking ability. 
Inversely, a gain that is too small would result in the 
external feedback having little effect on the CPG output, 
which has no equivalent postural reflection adjustment. 
The effective experimental range of the feedback coef-
ficient kp is [0.2, 0.6].  

Fig. 17  shows snapshots  of the  quadrupedal  robot  

0 50 100 150 200 250 300 350 400 450−0.4
−0.3
−0.2
−0.1
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Fig. 15  Pitch angle during slope terrain walking. 
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Fig. 16  Control signal of joint angles on slope. 

 

T = 35.9 s T = 41.6 s T = 44.7 s

T = 19.1 s T = 25.4 s T = 31.8 s

T = 2.1 s T = 6.1 s T = 12.0 s

 
Fig. 17  Quadrupedal robot walking uphill and downhill. 

 
walking over the slope. The robot can walk uphill, 
downhill and transition smoothly with the adjustment of 
the feedback signal.  

5  Conclusion 

This paper proposes ML-CPG based on three layers: 
rhythm generation, pattern formation, and motoneurons 
with corresponding feedback access. The effectiveness 
of the proposed CPG model is verified using a quadru-
pedal robot. The movement of a quadrupedal robot that 
involves the interaction of the robot with its environment, 
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the coordination of joints and limbs, and the expansion 
of the ML-CPG is specifically analyzed. The gait sta-
bility of the proposed model is obtained for the case of 
walking on a flat terrain, with its phase trajectories 
possessing a near periodic orbit. Imitating the charac-
teristics of the vestibular reflection of animals, the pos-
tural reflection mechanism of a quadrupedal robot for 
slope movement is modeled, which offsets the equilib-
rium position of the control signal to adjust the robot’s 
posture. The results show that the quadrupedal robot can 
walk uphill and downhill.  

Further work will involve experiments on a real 
quadrupedal and biped robot, which will have a stronger 
impact on the control mechanism. Furthermore, the 
imitation of biological reflex actions and a control model 
with multi-jointed legs are worth researching in depth. 
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