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Abstract—In traditional strategy based on Center Pattern 
Generator (CPG), stance phases and swing phases are always 
fixed and their durations equal to each other approximately. 
Few CPG models care about the control of the knee joints under 
quadrupeds. In view of these deficiencies, this paper presents a 
model which is used to generate trajectories both for hips and 
for knees. The model has two desirable properties relative to the 
conventions. First, the knee joints are integrated with the hip 
joints into the CPG model. Then, a selector can adjust the 
duration of the stance phases and of the swing phases. Further 
more, the idea of the selector isn’t confined to a specific neural 
oscillator or an explicit model. Experiments demonstrate that 
the model is effective for legged robots control and its ratio of 
phases can be varied flexibly. 

I. INTRODUCTION 
HE research of the center pattern generator intensely 

motivated the interest in studying of robots which is 
inspired by biology. Many people paid their attention to the 
control strategy based on CPG, such as Matthew M. 
Williamson[8], Gentaro Taga[1][2][3] and Orijan Ekeberg[9]. 
At the same time, various mathematic models were proposed 
to mimic the function of CPG like the models proposed by 
Kjyotoshi Matsuoka[7], Stein neuronal model[4], Van der 
Pol oscillator[4][6], Hopf oscillator[6] and so on. The 
CPG-based approach possesses easy and simple processing 
talents, but it still confronts with challenges. A sound model 
hasn’t been designed for legged control in an easy and neat 
way. On the other hand, there are few methods to change the 
time-period of foot that contacts the ground and swings in the 
air. To put it concretely, if we want to get walking gait under 
the traditional strategy whose duration of stance phases and 
swing phases are fixed and equal, the gait deserves hard to be 
called natural walking gait. The reason is the duty factor 
cannot achieve to 0.75. The duty factor depicts the fraction of 
the gait cycle for which it is in contact with the ground. 

It is important for quadrupeds to ensure a uniform and 
steady rhythm between the thigh and the shank during the 
rhythmic movement. But few people cared about integrating 
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the knee joints with the hip joints into the CPG model. Xiuli 
Zhang[11]introduced a hip-to-knee mapping function outside 
the CPG model. Y. Fukuoka [10] used a PD control to make 
the knee joints achieve corresponding desired angles 
according to different states. 

The model replies to these existing problems in this 
contribution. Knee joints are integrated with the hip joints as 
legged control. So, it doesn’t need pay more attention to the 
knees outside the model. Besides, the natural gaits can be 
realized by adding a selector into the model, as the ratio of the 
stance-swing phases is changed. The selector can vary the 
stance-swing ratio easily and arbitrarily. 

This paper is organized as: Section  introduces the CPG 
model, describes the principles of varying the stance-swing 
ratio and integrating the knees into the model in detail and 
proves the stable rhythm within the model. Section  gives 
the experimental results about the gaits of walking and 
trotting. Section  concludes the paper. 

II. THE DESIGN OF THE CPG MODEL 

A. The model review  
The CPG model acts as a generator of angular trajectories 

for both the hip joints and the knee joints in this study. The 
model is a local network consisting of coupled neural 
oscillators while two mutual inhibited neurons compose the 
neural oscillators. These oscillators are derived from the type 
of oscillators [7] proposed by Kjyotoshi Matsuoka. The 
differential equations show the model in mathematic form as 
follows. 
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Table I explains the notations which appeared in the model. 

 

B. Varying the stance-swing ratio 
In order to realize natural gaits, the duty factor of the 

walking gait should be 0.75. That means the scale of the 
duration of the stance phase and the swing phase should be 
3:1, namely, the three legs of the quadruped are in contact 
with the ground and the other leg swings in the air. It’s well 
known that the duration of swing phases remain constant 
when quadrupeds travel on foot at various gaits. The gaits are 
only influenced by the stance phases’ time-period. So, the 
stance duration in walking is longer than the stance in trotting. 
That is, the duty factor of the quadruped’s foot should be 
different values according to different gaits. In the traditional 
CPG model, the duration of the stance phases is usually equal 
to the duration of the swing phases. In accordance with this 
imperfection, the function �  is designed in equation (12) 
stated in the last subsection. 

The following figure shows the sketch of the equation (12). 
ix is the independent variable and  �  is the induced variable. 

                    Fig. 1.  The sketch of the function � . 
swing� , tans ce�  and 
  are all constants in this plot. The dashed 

line represents the value of threshold. In essence, the function 
�  acts as a selector that switches between swing�  and tans ce�  
according to the variable ix . Provided that, the constants 

swing�  and tans ce�  correspond to different frequencies of the 
oscillator. If so, we can select and adopt proper frequencies in 
the light of the variable ix , which is showed in Figure 3. In 
fact, the different values of  swing�  and tans ce�  match different 
frequencies in the model of neural oscillator which has been 
stated exhaustively in the contribution [7]. 

When the variable ix locates in the phases of stance, that is, 

ix  is smaller than the threshold value, the function �  adopts 
the frequency corresponding to tans ce� , and so does the 
function �  select the frequency corresponding to swing�  when 
the variable ix  is in the phases of swing. Then, nothing 
remained but one is the variable ix . What signal should be the 
input of the variable that can divide the stance phase and the 
swing phase of legs? If we use the oscillator [6][7] proposed 
by Matsuoka to generate angular trajectories for hips, the 
difference are found out in Figure 4 that the angular trajectory 
is ascending when the leg is in swing phases while it is down 
when the leg is in stance phases. That means the derivatives 
of the trajectory between the swing and the stance have a 
distinct threshold. The threshold value is zero. If so, we can 
select the proper time-period for the stance phases according 
to different gaits.  

In Figure 2, swing represents the hip joints in the swing 
phases and stance means the hip joints in the stance phases 
under angular control. The detailed experiments are exhibited 
in the section . 

TABLE I 

Symbol Signification 

eiu  the state of the ith extensor neuron 

eiv  internal adaptability of the ith extensor neuron 

eih  inter-state of the hip joint of the ith extensor neuron 

eik  inter-state of the knee joint of the ith extensor neuron 

fiu  state of the ith flexor neuron 

fiv  the ith flexor’s internal adaptability 

fih  the inter-state of the hip joint of the ith flexor neuron 

fik  the inter-state of the knee joint of the ith flexor neuron 

ix  the inter-variable of the ith oscillator 

ih  hip joint output of the ith oscillator 

ik  knee joint output of ith oscillator 

0u  the constant tonic input from higher levels 

�  the variable determines the oscillator’s frequency 

few  the connecting weight between the extensor neuron and the 
flexor neuron 

ijw  the connecting weight between the ith oscillator and the jth 
oscillator 

�  the degree of the self-inhibition 


  the speed of switching 

Constants tans ce� , s w in g�
 and �  decide together the frequency of the ith 

oscillator. 
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                        Fig. 2.  The trajectory of the hip joints. 

C. Combining the knees 
It is necessary for the quadruped to ensure uniform rhythm 

between the hip joints and the knee joints in order to integrate 
the knee joints into the model. If we consider the quadruped’s 
locomotion as the exchange of supporting legs, the following 
conditions must be satisfied  

a) During swing phases, the phase difference between 
the hip joints and the knee joints should keep invariant; 

b) During stance phases, the knee joint should maintain 
still. 
But there exist challenges against designing such control 

strategy for the knee joints. In order to facilitate the 
explanation of the model, the construct of the quadruped in 
angular control is introduced here.  

 
             Fig. 3. The left view of the quadruped. 
According to notation convention, the anti-clockwise 

regulates the positive angle while the clockwise negative. In 
Figure 3, the zero angle of the hip joint is the dashed line 
orthogonal to the ground and the zero angle of the knee joint 
is the line which connects the point of the hip and the point of 
knee. So, the angles of the hip joint and the knee joint are ih  
and ik�  in Figure 3, respectively.  

These conditions (a) and (b) can be satisfied via the 
equations (2), (6), (10) and (11). If these time-variables eiv , 

fiv , eih  and fih  were transformed into Fourier frequency 
representations, the frequency signal of eiv ( or fiv ) is ahead 
of the frequency signal of eih ( or fih  ) about / 4�  in the 
frequency plane. Necessarily, the equation (11) makes the 
quadruped’s legs still when these legs are in the stance phases. 
Then, the knee joints are integrated into the model with the 
hip joints. 

D. Stability of the model 
The following phase plots show the velocity plotted against 

position for the hip joint and the knee joint under a typical 
parameter set to illustrate the steady rhythm within the center 
pattern generator. 

             Fig.4. Phase plot for hip motion 

 
         Fig.5. Phase plot for knee motion 
For this example, 0u is 2.0, few  is 2.0, �  is 3.0, �  is 0.5, 

swing�  is 0.4, tans ce�  is 0.4 and 
  is 10. These figures display 
that there exists limit cycles both at hips and at knees. With 
proper initial conditions near to 1, the model’s outputs 
converge to the corresponding limit cycle rapidly. It is not 
difficult to deduce that the model can generate periodic 
trajectories according to the limit cycle theory. 

 

III. EXPERIMENTS AND DISCUSSION 
This section illustrates the effectiveness of the proposed 

CPG-approach using experiments. The pictures of the 
quadruped presented as intuitional effect are based on the 
platform of the MCS/ADAMS and Matlab/Simlink. We 
execute these equations in Matlab 7.1 and use the 
fourth-order Runge-Kutta method for integration in this study. 
The skeleton of the quadruped is showed below. 
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       Fig. 6. The isometric view  
Figure 6 displays the quadruped robot consisting of a trunk, 

two pairs of thigh links and two pair of shank links. There are 
one pitch motion at each hip joint and one pitch motion at 
each knee joint. In the picture, the length of the trunk is 
1200mm, the width of the trunk is 600mm, the height of the 
trunk is 100mm, the height of the quadruped is 750mm, the 
length of the thigh is 350mm and the length of the shank is 
422mm. The initial absolute angles of the hip joints ( ih ) are 
15� . The line connected the foot and the hip is perpendicular 
to the horizontal plane. 

A. The walking gait  
The CPG model consists of four neural oscillators, which 

governs the angles of the knee joints and the hip joints of the 
corresponding legs. We use the neuron ring in Figure 7 to 
descript the CPG model and realize the walk gait in which the 
oscillators inhibited each other. 

 
          Fig. 7. Neural ring of walking gait 

All the connecting weights equal to -1 in Figure 7. When 
the parameters swing�  and tans ce�  are set to 0.04 and 0.18, the 
duration of the swing phases and the stance phases can be 
changed to a scale of 1:3, that is, the duty factor is 0.75. 

 
         Fig. 8.  The curves of the walking gait. 
(LH, RF, LF and RH denote the left hind leg, the right front leg, the left 

front leg and the right hind leg, respectively. So is the trotting gait latter.) 
The dashed line represents the angular trajectories of the 

knee joints and the solid line depicts the trajectories of the hip 
joints. The parameters are that 0u is 2.0, few  is 2.0, �  is 3.0, 
�  is 0.5, swing�  is 0.04, tans ce�  is 0.18 and 
  is 10. It can be 
seen from these curves in Figure 8 that the movements of 
knee joints enter adaptively into the swing phase of the hip 
joints no matter how the duration of swing phases or stance 
phases changed. 

   
             (1) time: 4.3s                                 (2) time: 4.65s       

  
(3) time: 5.05s        (4) time: 5.35s        

   
                (5) time: 5.85s                       (6) time: 6.15s 

Fig. 9. The snapshots of the quadruped walking 
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These pictures are clipped from the video of the quadruped 
walking. Picture (1) is the frame 087, time 4.3s. Picture (2) is 
the frame 094, time 4.65s. Picture (3) is the frame 102, time 
5.05s. Picture (4) is the frame 108, time 5.35s. Picture (5) is 
the frame 118, time 5.85s. Picture (6) is the frame 124, time 
6.15s. Only one leg swings in the air while the other three legs 
stance at the ground during every step in the video. 

B. The trotting gait  
We realize the trotting gait using the following neuron ring 

whose oscillators excite the corresponding diagonal one. The 
diagonal weights are 1, which represent the excitatory 
connection. The other connecting weights are inhibitory 
connections (-1) in Figure 10. The parameters swing�  and 

tans ce�   reverse the duration of the swing phases and the stance 
phases to a scale of 1:1, in which both of them are equal to 
0.12. 

 
       Fig. 10.   The neuron ring of the trotting gait. 
Figure 11 shows the trajectories of the trotting gait in 

which the parameters are that 0u is 2.0, few  is 2.0, �  is 3.0, 
�  is 0.5, swing�  is 0.12, tans ce�  is 0.12 and 
  is 10. 

 
Fig. 11.  The curves the trotting gait 

The dashed lines depict the angular trajectories of the knee 
joints and the solid lines are the trajectories of the hip joints. 

The duration of the swing phases are equal to the duration of 
the stance phases while the knee trajectories are self-tuning 
according to the hip joints. 

 The following pictures exhibit the intuition of the 
quadruped’s trotting. 

   
(1) time: 2.90s                           (2) time: 3.40s    

   
(3) time: 3.80s       (4) time: 4.0s  

  
                  (5) time: 4.65s                           (6) time: 4.90s 

Fig. 12.  The snapshots of the quadruped trotting 
These pictures are clipped from the video of the quadruped 

trotting. Picture (1) is the frame 059, time 2.90s. Picture (2) is 
the frame 069, time 3.40s. Picture (3) is the frame 077, time 
3.80s. Picture (4) is the frame 081, time 4.0s. Picture (5) is the 
frame 094, time 4.65s. Picture (6) is the frame 099, time 4.90s. 
We can see that the diagonal legs of the quadruped always 
move at the same time. 

Since the pacing gait and the trotting gait are almost similar 
in essence, the experiments of the pacing are bypassed. 

IV. CONCLUSION 
Generating various gaits is an important content in 

studying the movement of quadruped robots. The strategy 
derived form the neuron oscillators has exhibited its advances 
in angular control for quadruped in this paper. We can see 
that there exist limit cycles for the model’s outputs at both the 
hips and the knees under typical parameters. The limit cycles’ 
existence proves the stability of the model from the theory 
point. Experiments demonstrate that the knee joints and the 
hip joints are successfully integrated into the CPG model and 
it doesn’t need any more extra control strategy or mathematic 
function outside the CPG model to care about the knee joints. 
To our best knowledge, the idea of combining the knees with 
the hips into the CPG-based robot controller is originally 
proposed in this study. Using selector can get any ratio of the 
stance and the swing phase’s duration to realize natural gaits 
as long as the CPG model oscillates in the area of steady 
rhythm. These results show that the method proposed in this 
paper is neatness and can be applied to other legged robots 
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such as biped. Especially, the idea of the selector can be used 
to coordinate different phases, not confined to explicit 
models. 
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