
  

 

Abstract—Quadruped robots are required to implement a 

fast transition between gaits in situations such as an abruptly 

increase in speed, an unexpected obstacle to stride over.  

Considering these situations, we propose a novel approach to 

achieve fast gait transition within a step cycle period of 

locomotion. This approach relies on the central pattern 

generators (CPGs) to produce rhythmic control signals, along 

with a CPG modulation to harmonize the limb phases. 

Therefore, smooth and fast gait transition can be obtained. We 

implement our approach on a simulated quadruped model. 

Simulation results demonstrate the adequacy of the approach to 

execute smooth and fast gait transition within a step cycle period. 

In addition, we analyze the ground reaction force (GRF), the 

pitch angle and the roll angle of the quadruped model to 

evaluate the proposed gait transition approach. 

I. INTRODUCTION 

Legged locomotion has an advantage in efficiency and 
stability to traverse certain types of terrain. Making use of 
legged locomotion, quadruped robots possess superior 
maneuverability to adapt to natural environments, and have a 
potential to execute a wide variety of tasks such as rescue, 
search and detection.  

Research on biology proves that locomotion is governed 
by central pattern generators (CPGs) in the spinal cord, which 
are capable of producing rhythmic movements [1], [2]. 
Inspired from the biological findings, researchers apply the 
CPGs to control the locomotion of quadruped robots [3]-[12]. 
HyQ’s feet trajectories are generated by non-linear oscillators 
(CPGs) to produce periodic motion [3]. A combination of a 
CPG and reflexes can generate adaptive walking for 
quadruped robot “Tekken” to walk with medium walking 
speed on irregular terrain [4], [5]. Walk gait, trot gait and 
gallop gait are performed using the presented CPG model [6]. 
A CPG network is implemented to generate different gaits, 
and walk gait and pace gait are tested on the quadruped robot 
“Cheetah” [7]. A modular controller, consisting of a 
computational CPG model, the stumbling correction reflex, 
and the virtual model control, is designed for unperceived 
quadruped rough terrain locomotion [8]. The CPG model and 
a multi-objective evolutionary algorithm are combined to 
perform the required walking gait [9]. A CPG based 
locomotion controller is used on a minimule robot to generate 
walk gait and trot gait [10]. A combination of a CPG and a 
muscular stretch reflex is implemented on a biomimetic 
musculoskeletal robot for locomotion [11]. A computational 
CPG, as a network of nine coupled nonlinear oscillators, is 

 
Manuscript received February 13, 2015. This work was supported in part 

by the National Natural Science Foundation of China under Grant 61375101 

and 61421004. The authors are with the Institute of Automation, Chinese 

Academy of Sciences, 95 Zhongguancun East Road, Beijing, 100190, China 
(e-mail: {xiaoqi.li, wei.wang, jianqiang.yi}@ ia.ac.cn). 

implemented to generate position signals for Bobcat-robot 
[12].  

Multifarious gaits are generated by CPGs and successfully 
implemented in simulation or on quadruped robots. However, 
quadruped robots need to change their gait in locomotion due 
to the complexity of environments, as well as, the requirement 
of speed, stability and energy consumption. Therefore, smooth 
and prompt gait transition is particularly crucial for the 
stability and flexibility of quadruped robots. Several studies 
have been conducted on gait transition, and we lay emphasis 
up on the gait transition based on the CPG model. K. Inagaki 
et al. propose a distributed control system to implement the 
transition from the crawl gait to the trot gait and from the trot 
gait to the gallop gait [13], while the control system needs to 
cooperate with a designed robot mechanical structure. Xiuli 
Zhang et al. enable transition between walk gait and trot gait 
by directly replacing the gait matrix in CPG model [14]. 
However, oscillation-stop emerges during transition. Aude 
Billard et al. use CPGs integrated with tonic input to obtain 
transition from walking to trotting and then galloping gait [6]. 
However, each of the three gaits is activated from rest position 
and the continuity of the locomotion is not satisfying. V. 
Matos et al. utilize a drive signal to modulate the trajectories 
generated by CPGs to switch between different types of gait, 
and show the transition from walk gait to trot gait in 
simulation [15]. However, this method needs transition time 
from one gait to another. So it is hardly to transit from walk 
gait to trot gait at once. 

 The various gait transition methods mentioned above all 
have remarkable effectiveness in certain applications. 
However, considering the situations where gait transition is 
required to be accomplished as soon as possible, a fast gait 
transition method is requisite. Therefore, we present an 
approach to achieve rapid and smooth quadruped gait 
transition within a step cycle period of locomotion. The 
quadruped gait pattern is generated by coupled CPGs network, 
and the CPG modulation approach is implemented to achieve 
smooth and prompt gait transition. 

In the remainder of the paper, we firstly build the coupled 
CPGs network to generate coordinated rhythmic signals, 
which result in various kinds of gait. Following this, we detail 
the CPG modulation approach to achieve transition from one 
gait to another. Then, we introduce the quadruped model and 
describe the control parameters setup. Afterwards, simulation 
results are demonstrated and analyzed.  Finally, we draw the 
conclusions and describe the future work. 
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II. GAITS GENERATED BY CPGS NETWORK 

A. CPG Model 

The CPG model is employed to generate the fundamental 
rhythmic output signals without sensory feedback or any 
inputs. Different CPG models have been developed for 
robotics to control locomotion. In this paper, we utilize the 
Hopf oscillator as the CPG model. The Hopf oscillator, as a 
kind of nonlinear oscillator, allows modulation of locomotion 
by simple and explicit control parameters, and has advantage 
in keeping stable against perturbation. The Hopf oscillator is 
represented by the following equations [16]:  

 2( )    n r n o  

 2( )    o r o n  

where n  and o are state variables and 
2 2r n o  .   is 

the amplitude of the oscillations (for 0),   and the 

oscillations stop if 0.   The speed of convergence becomes 

large as   (a positive constant) increases. The frequency of 

the oscillations is controlled by 1( ),w rad s which is 

determined by the following expressions [16], [17]: 
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where b is a positive constant and  is the duty factor. 

swing and stance  control the frequencies of the ascending and 

descending phases of the oscillations independently. The 
oscillation period T is calculated as [16]: 
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The locomotion speed modifications are correlated to 
stance duration modifications [18], so we can change the 

locomotion speed by modifying stance . 

III. GAIT TRANSITION 

Quadruped robots can perform a variety of gaits using the 
coupled CPGs network. However, quadruped robots normally 
utilize different kinds of gait in locomotion to suit the 
locomotion speed, reduce energy consumption or keep 
stability. Walk gait, as a statically stable gait, is suitable when 
the locomotion speed is low or high stability is required. With 
the increase of the speed, quadruped robots change their gait to 
dynamically stable gait, such as trot, bound, and gallop, to 
reduce energy consumption. Based on average power 
efficiency considerations, the gait transition from walking 
(trotting) to running (galloping) occurs when the energy 
consumption is the same [19].  

Generally, quadruped robots adopt more than one gait in 
locomotion. Therefore, gait transition from one gait to another 
should be taken into consideration, and it plays a pivotal role 
in enhancing stability and flexibility of quadruped robots. 

Quadruped gaits are described in terms of the relative 
phases of the rhythmic control signals. Hence, with the 
increase of the required speed, gait transition occurs by 
modulating phase coordination of the rhythmic control 
signals. 

A. Phase Modulation 

Considering the dynamic plasticity of the Hopf oscillator, 
we modify (7) to the following equations: 
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where ( )u t is a step function, and desT is the duration that 

in stops oscillating and keeps the peak value. 0t is the time 

that satisfies the following differential equation: 

 0( ) 0in t  

When (9) and (10) are triggered at the time 0t , the 

rhythmic signal in  stops oscillating and keeps the peak value 

in the duration desT . As a result, the phase of the oscillation is 

modulated. We choose to start the modulation at the time that 
the change rate of the oscillation is zero. Therefore, there is not 
an abrupt derivative value change of the oscillation and the 
phase modulation is smooth and continuous.   

An example of the phase modulation is shown in Fig. 2. 
The black, plain curve is the rhythmic signal n , generated by 

the CPGs network without modulation. At the time 0t =2 s, 

with the set of desT =0.2 s and desT =0.3 s, the rhythmic signal 

stops oscillating and keeps the peak value for 0.2 s and 0.3 s, 
respectively. 
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Figure 1.  Phase modulation of CPGs output signal n . The arrow indicates 

the modulation. The original rythmic signal (the black, plain curve) is 

generated by the CPGs network without modulation. At the time 0t =2 s, 

with the set of desT =0.2 s and desT =0.3 s, the phase of the rythmic signal is 

modulated, as shown in red, dash curve and blue, dotted curve, respectively. 

The relative o n  phase planes of original signal, 

modulated signal with desT =0.2 s, and modulated signal with 

desT =0.3 s in Fig. 2 are respectively shown in Fig. 3. The limit 

cycles indicate that the phase modulation does not affect the 
stability of the Hopf oscillator. 
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Figure 2.   The relative o n  phase planes. o and n are state variables of the 

Hopf oscillator. 

B. Phase Coordination 

The phase of the rhythmic signal can be modulated to 

delay for the duration desT . In order to form gaits, the relative 

phases of the four hip pitch joint trajectories are supposed to 
be coordinated, as shown in Fig. 1.  
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Figure 3.  The gait transiton. The arrow indicates the modulation. (a) Gait 

transition from walk to trot. (b) Gait transition from trot to bound. 

To perform gait transition, the phases of the rhythmic 
signals are modulated to satisfy the relative phases of the 
desired gait. So the phase coordination of gait transition is 
related to the relative phases of the gait before and after 
transition, and the step cycle period, which equals the 
rhythmic oscillation period T. 

For instance, to transfer from walk gait to trot gait, the 
phases of the LF and RF hip joint trajectories are delayed for 
the duration of T/4. The phases of the LH and RH hip joint 
trajectories are not changed. Consequently, the phase 
coordination for trot gait is obtained in the duration of T/4, as 
shown in Fig. 4 (a). Fig. 4 (b) depicts the gait transition from 

trot to bound. We can see that by delaying the phases of LF 
and LH hip joint trajectories for the duration of T/2, the phase 
coordination of bound gait is conducted in a half of step cycle 
period. Using the approach, the arbitrary gait transition can be 
achieved within a step cycle period. 

 The gait transition occurs at the time that the change rates 
of the rhythmic signals are zero. So there does not exist an 
abrupt change of the control signals. Meaning that, the gait 
transition is smooth. 

IV. SIMULATION MODEL AND CONTROL PARAMETERS 

 A.  Quadruped Model  

To verify the effectiveness of the gait transition approach, 
we build a quadruped model, shown in Fig. 5, and use the 
model in the simulation. The quadruped model is composed of 
a body and four legs. Four hip pitch joints separately connect 
the four legs to the body. Each leg consists of a thigh link, a 
shank link and a toe. The thigh link and the shank link are 
connected together by the knee pitch joint and the toe is fixed 
to the end of the shank. The quadruped model weighs 50.0 kg. 

The initial values of hip joint 0  and knee joint 0 , labeled in 

Fig. 5, are 30 degrees and 60 degrees, respectively.    

 

Figure 4.  The quadruped model used in the simulation. 

The quadruped model is built in the software platform 
MSC.ADAMS. In order to simulate the quadruped robot in the 
nature environment, we set the related parameters to the 
reasonable values, as listed in Table I. 

TABLE I.  PARAMETERS RELATED TO THE ENVIRONMENT 

 Parameter Value 

Impact Force 

Parameters 

Stiffness ( N/m) 1.0E+008 

Damping ( Ns/m) 1.0E+004 

Exponent 2.2 

Friction Parameters 

Mu Static 1.0 

Mu Dynamic 0.5 

Stiction Transition Velocity 

( m/s) 
0.1 

Friction Transition Velocity 

( m/s) 
1.0 
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The rhythmic signals, controlling the angles of the hip 
pitch joints and the knee pitch joints, are generated in 
MATLAB/Simulink. We use the Runge–Kutta solver for the 
approximation of solutions because Hopf oscillators 
are non-linear differential equations. The sample time is set to 
1e-3 s. By utilizing the dynamic-link library of 
MATLAB/Simulink, the rhythmic signals are employed to 
control the quadruped model in MSC.ADAMS. 

B.  Control Parameters Setup 

We design a 9 s simulation to evaluate the presented 
approach for rapid gait transition. In the simulation, we aim to 
illustrate the transition between two different gaits. So we 
arrange the gait transition from walk to trot, and finally, to 
bound. 

The duty factor of the rhythmic signals is a parameter to 
describe the gaits. The duty factor of the walk gait is 0.75, and 
0.5 of the trot, pace and bound gait.  So during gait transition, 
duty factor should be changed according to the desired gait. 
We linearly modify the duty factor so as to achieve smooth 
and continuous transition procedure, as illustrated in Fig. 6(b). 
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Figure 5.  The control parameters and the control signals. (a) The frequency 

of stance phase stance. (b) The duty factor of the control signals . (c) The 

control signals of the four hip pitch joints of the quadruped model. (d) The 

control signals of the four knee pitch joints of the quadruped model. 

The state variables in (i =1, 2, 3, 4) in (6) and (9) are used 

as the control signals for the hip pitch joints of the quadruped 
model, as shown in Fig. 6 (c). Fig. 6 (d) depicts the control 
signals for the knee pitch joints. Each knee joint is controlled 

by the state variable io  in (6) and (9) during swing phase, and 

does not move during stance phase. 

As shown in Fig. 6 (c), in stage I, the relative phases of the 
control signals accord with walk gait. Then in stage II, the duty 
factor linearly reduces from 0.75 to 0.5 (Fig. 6 (b)). In addition, 
at 3.4 s, the first phase modulation of the hip joint control 
signals occurs, and the new phase coordination forms at 3.8 s 
(Fig. 6 (c)). This phase modulation achieves gait transition 
from walk to trot gait within a step cycle period. In stage III, 
the control signals coordinate to form trot gait. Next, in stage 
IV, the stance frequency increases to speed up, as illustrated in 
Fig. 6 (a). The hip joint control signals are modulated again at 
7.3 s, and gallop gait is achieved at 7.6 s (Fig. 6 (c)). The 
quadruped gait smoothly transfers from trot to bound gait 
within a step cycle period. Finally, the bound gait is employed 
in stage IV. 

V. SIMULATION RESULTS AND ANALYSIS 

By the control of the rhythmic signals shown in Fig. 6 (c) 
and Fig. 6 (d), the quadruped model successfully performs the 
gait transition from walk to trot, then to bound.  

Fig. 7 shows the images extracted from the video 
recording of the locomotion. The quadruped model starts to 
locomote with walk gait (Fig. 7 (a)-(b)). Three limbs are in 
stance phase simultaneously, and the quadruped model is 
statically stable. In Fig. 7 (c)-(d), the gait has been transformed 
to trot, and two diagonal limbs move forward at the same time. 
The quadruped model is dynamically stable. Then the 
quadruped model achieves gait transition from trot to bound. 
In bound gait, two fore limbs and two hind limbs are alternant 
in swing phase (Fig. 7 (e)-(j)). Due to the decrease of the 
stance duration and the increase of the oscillation amplitude, 
the locomotion speed increases. 

To evaluate the smoothness and the stability of the 
quadruped locomotion in the simulation, we measure the 
ground reaction force (GRF), the pitch angle and the roll angle 
of the quadruped model, respectively.  

The limbs of the quadruped model experience GRF during 
stance phase. Fig. 8 depicts the vertical components of the 
GRF experienced by LF and RF limbs. We can see that before 
7.6 s, as the quadruped model locomotes in walk gait and trot 
gait, the LF and RF limbs experience the GRF alternately. 
While after 7.6 s, the quadruped model locomotes in bound 
gait, the LF and RF limbs experience the GRF at the same time. 
Additionally, the stance duration is smaller in trot gait, and the 
smallest in bound gait. With the decrease of the stance 
duration, the speed of the locomotion increases.    

There are vertical force pulses at the beginning of stance 
phase because the toe crashes with the ground. In walk gait,   
the peak value of the vertical forces is below 1000N (two 
times of the quadruped model’s weight), and stabilize at about 
250 N (half of the quadruped model’s weight). In contrast, the 
peak value of the vertical forces is larger in trot gait, and 
largest in bound (below 2000 N).  

Fig. 9 illustrates the pitch and roll angles of the quadruped 
model in locomotion. At the beginning of the locomotion, 
there is fluctuation for about 1 s and then the quadruped model 
locomotes stable. Before 3.8 s, the quadruped model 
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locomotes in walk gait, and the absolute values of pitch and 
roll angles are within 0.02 rad. From 3.8 s to 7.6 s, the 
quadruped model locomotes in trot gait, and the pitch angle 
and roll angle both become larger, up to 0.05 rad. After 7.6 s, 
the quadruped model locomotes in bound gait. It is obvious 
that the roll angle becomes very small, and approximates 0 
rad.  

From Fig. 8 and Fig. 9, we can see that the GRF is in the 
acceptable range, and there is no abrupt variation of the pitch 
and roll angles in the locomotion, which suggests that the gait 
transition is smooth and stable. 

 
Figure 6.  Snapshots of the locomotion. The quadruped gait transfers from 

walk to trot, then to bound. The cycles mark the limbs in swing phase. 

 

0 1 2 3 4 5 6 7 8 9
-500

0

500

1000

1500

2000

Time (s)

V
er

ti
ca

l 
F

o
rc

e 
(N

)

 

 

LFFoot

RFFoot

 

Figure 7.  The vertical components of the GRF experienced by LF and RF 

limbs of the quadruped model. 
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Figure 8.  Pitch and roll angles of the quadruped model in locomotion.  

VI. CONCLUSIONS AND FUTURE WORK 

This paper proposes a novel approach to achieve fast and 
smooth gait transition within a step cycle period of locomotion. 
The rhythmic control signals, produced by the CPGs network, 
are modulated to satisfy the relative phases of the required gait, 
so that the quadruped robot performs gait transition. The 
modulation occurs when the change rates of the control signals 
are zero, therefore, the gait transition are smooth and 
continuous. We implement the presented approach on a 
simulated quadruped model. Simulation results validate the 
effectiveness of the approach to execute smooth and fast gait 
transition within a step cycle period. Moreover, the vertical 
components of the GRF, the pitch angle, and the roll angle in 
locomotion have no abrupt change during the gait transition, 
which indicate the robustness and the smoothness of the 
approach. While the peak value of the vertical components of 
the GRF is up to about four times of the quadruped model’s 
weight in bound gait, which is a challenge to the capabilities of 
the actuators.  

For sake of utilizing the approach on the real quadruped 

robot, future work will be aimed at adding compliant control 

to reduce the peak value of the GRF. Furthermore, we will 

evaluate the presented gait transition approach on a real 

quadruped robot. 
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