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This paper attempts to improve the terrain adaptability of hexapod robot through gait 

control. Firstly, the multi-leg coupling in the tripodal gait of the hexapod robot was 

modeled by Hopf oscillator. Then, annular central pattern generator (CPG) was adopted to 

simulate the leg movements of hexapod robot between signals. Furthermore, a physical 

prototype was designed for the gait control test on field-programmable gate array (FPGA), 

and the algorithm of the rhythmic output of the model was programmed in Verilog, a 

hardware description language. Finally, the effectiveness of our gait control method was 

verified through the simulation on Xilinx. The results show that the phase difference of 

the CPG network remained stable; the designed hexapod robot moved at about 5.15cm/s 

stably in a tripodal gait, and outperformed wheeled and tracked robots in terrain 

adaptation. The research findings lay a solid basis for the design of all-terrain multi-leg 

robots. 
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1. INTRODUCTION

The rhythmic walking of hexapod robots is generally 

controlled by gait planning. The main task of gait planning is 

to determine the order of swing and support phases of each leg, 

and the sequence of continuous movement of the robot. 

However, the common gait planning methods have two defects: 

the gait planning mimics the normal rhythmic movements of 

natural creatures on simple terrain, failing to emulate the 

operations of the central nervous system in the adaptation to 

more complex terrains; to produce the desired gait, the stable 

and coordinated rhythmic signals are outputted through the 

contraction of muscles in the local spinal cord only. 

For hexapod robots, the gait is usually controlled by 

kinematics and dynamics models, which integrate model 

simplification, stability criterion, and energy optimization [1, 

2]. By these models, the robot model is firstly reduced by the 

stability criterion into a simple inverted pendulum. Then, the 

centroid of the robot and feet trajectories are determined, 

according to the theory of zero moment point. After that, the 

centroid and feet go through coordinate transform, and the 

trajectories of the leg joints are derived by inverse kinematics 

equation. Finally, the theory of zero moment point is referred 

to again to plan the gait of the robot, based on the actual 

location of the zero moment point fed back by the foot sensors. 

Based on the gait control, the zero moment point of the robot’s 

support points is controlled by adjusting the posture in the 

horizontal plane of the support domain, through the 

coordination of robot limbs [3, 4]. Then, the stable coordinates 

of the robot can be obtained to directly output the gait plan. 

Fuzzy logic planning is a novel strategy for gait planning. 

The core of fuzzy logic planning is the fuzzy algorithm, a tool 

to describe uncertain objects. Inspired by the thinking mode of 

the human brain, fuzzy algorithm makes judgements by fuzzy 

rules to acquire the features of the object [3]. Based on the data 

collected by sensors, fuzzy logic planning generates control 

rules between the input and output parameters of gait planning. 

Under these rules, the parameters of each joint are adjusted, 

namely, joint angle, and angular velocity [4]. In addition, the 

neural network (NN) is employed to deduce the next gait from 

the joint trajectories and driving torque [5]. 

For vertebrates, brain consciousness is not involved in 

rhythmic coordinated behaviors, such as walking, breathing, 

and flying. In spite of that, these animals can still adapt to the 

changing terrain. Bionic robots have a similar gait control 

mechanism as vertebrates. Therefore, the neurons in the 

central pattern generator (CPG) of rhythmic signals are either 

excited or inhibited. There is no advanced control commands 

or external feedbacks [6-8]. Only the low-level self-excitation 

of the neural system is emulated. To realize coordinated 

movements, the robot needs to generate a stable rhythmic 

interlock signal through the mutual coupling between the CPG 

units [9, 10]. 

The above analysis shows that the robot movements are 

highly stable and flexible under the control of CPG units. The 

gait that ensues tends to be unstructured, and applicable only 

to simple terrains. If the environment is complex and 

unstructured, the robot movement and gait must be optimized 

by the cooperation between advanced and low-level controls. 

The former is responsible for learning and adapting to the 

complex terrain, and memorize the gait for the unstructured 

environment. In this way, the robot can move efficiently when 

it meets the same kind of terrain again [11, 12]. 

This paper mainly explores the gait control of hexapod 

robot based on field-programmable gate array (FPGA) and 

CPG. Specially, the multi-leg coupling was modeled by Hopf 

oscillator, and the leg movements of hexapod robot between 

signals were simulated by annular CPG network. Finally, a 

physical prototype was designed for the gait control test on 

FPGA. The algorithm of the rhythmic output of the model was 
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programmed in Verilog, a hardware description language. 

2. GAIT PARAMETERS

The movement pattern of footed animals is often referred to 

as gait, i.e., the fixed phase relationship between legs. The gait 

can be characterized by multiple factors, namely, the sequence 

of steps, step length, duty ratio, number of supporting legs, and 

moving speed. 

The sequence of steps refers to the order of movement 

between legs. By adjusting the sequence and frequency of 

steps, it is easy to change the body position and posture. 

The step length is also known as stride length. When one 

leg is in the swing phase (the process of a leg swinging forward 

during the gait cycle), the distance between the foot and the 

landing spot is half the step length. Likewise, the process of a 

leg supporting the body during the gait cycle is called stance 

phase [13]. 

The duty ratio is defined as the time fraction of stance phase 

in a gait cycle [6]: 

𝛽 =
𝑡𝑠𝑡𝑎𝑛𝑐𝑒

𝑇
= 1 −

𝑡𝑠𝑤𝑖𝑛𝑔

𝑇
(1) 

where, tstance is the time of stance phase in a gait cycle; tswing is 

the time of swing phase in a gait cycle; T is the gait cycle: 

𝑇=𝑡𝑠𝑡𝑎𝑛𝑐𝑒+𝑡𝑠𝑤𝑖𝑛𝑔 (2) 

Let n be the number of legs. Then, the number of supporting 

legs can be calculated by: 

𝛿=n × 𝛽 (3) 

The moving speed v can be defined as: 

v=
𝑠

𝑡𝑠 𝑡𝑎𝑛𝑐𝑒
(4) 

where, s is the step length. From formulas (1)-(4), we have: 

𝑣 =
𝑠

𝑡𝑠𝑤𝑖𝑛𝑔
(
1

𝛽
− 1) (5) 

In a normal gait, the duty ratio is negatively correlated with 

the moving speed. This is because the step length and the time 

of swing phase of each leg are generally invariant, similar to 

the walking features of insects in nature [14]. 

For bionic robots, the time of swing phase usually remains 

constant. For each leg, the greater the duty ratio, the longer the 

stance phase, and the slower the movement [15]. If the duty 

ratio is increased, more legs will support the body, making the 

body more stable. 

3. CPG-BASED GAIT CONTROL

Hopf oscillator is a class of nonlinear coupled oscillators [9]. 

Based on the coupling between nerve axons, Hopf oscillator 

can be easily expressed mathematically. Moreover, the 

parameters of this oscillator can be adjusted at ease. The 

mathematical expression of Hopf oscillator can be defined as: 

{

𝑥
•
= 𝜆(𝐾 − 𝑟2)𝑥 − 𝜔𝑦

𝑦
•
= 𝜆(𝐾 − 𝑟2)𝑦 − 𝜔𝑥

𝑟 = 𝑥2 + 𝑦2       

(6) 

where, K is the correction factor of the amplitude (𝐴 =

√𝐾,𝐾 > 0) of the signal generated by the coupling of Hopf

nerve axons; 𝜔 is the frequency of the oscillator; 𝑥, 𝑦 are the

output variables of the coupling.

Thanks to its convergence nature, the Hopf oscillator tends 

to output a sine or cosine curve in a certain time range. The 

specific waveform depends on the number of initial coupling 

state variables. The phase trajectories of these variables also 

exhibit a sine or cosine pattern.  

Let 𝜆 be the speed of the signal to reach the stable speed. 

Under the conditions of 𝜆 = 500 ,𝜔 = 2𝜋 , and 𝐴 = 2 , the 

limit cycle and output curve of the Hopf oscillator are 

displayed in Figure 1. 

Figure 1. The (a)limit cycle and (b)output curve of Hopf 

oscillator 

4. TYPICAL GAITS

4.1 Phase relationship of each gait 

The gait of six-legged insects (e.g., ant and ladybug) are 

usually described by gait diagrams like zebra lines. The three 

most common gaits are tripodal gait (Figure 2), quadrupedal 
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gait (Figure 3), and fluctuating gait. The main difference 

between these gait lies in the number of supporting legs. 

 

 
 

Figure 2. The sequence of steps in tripodal gait 

 

 
 

Figure 3. The sequence of steps in quadruped gait 

 

Tripodal gait is the fastest gait of six-legged insects during 

steady walking. The duty ratio of this gait is slightly above 0.5. 

In each step, three legs (R2, L1, and L3) touch the ground, 

forming a stable triangular support structure. Meanwhile, the 

other three legs (R1, R3, and L2) swing forward rapidly 

toward the landing spot. After landing, a new triangular 

support structure is formed. This is the defining feature of 

tripodal gait. The six-legged insect repeats the above process 

to move forward. 

Covering only swing and stance phases, the tripodal gait is 

simple to implement. Therefore, this gait has been widely used 

in bionic robots with simple control systems. The phase 

relationship is summarized below: 

(1) L1, L3, and R2 are in phase; 

(2) L2, R1, and R3 are in phase; 

(3) (L1, L3, R2) phase is ahead of (L2, R1, R3)*T/2. 

The quadrupedal gait is a relatively slow gait with four legs 

on the ground at any moment. Meanwhile, one leg on each side 

swings forward. This gait can withstand a large load, thanks to 

its long support time. The phase relationship is summarized 

below: 

(1) L1 and R1 are in phase; 

(2) L2 and R2 are in phase; 

(3) L3 and R3 are in phase; 

(4) (L1,R1) phase is ahead of (L2,R2)T/3; 

(5) (L2,R2) phase is ahead of (L3,R3)T/3. 

For bionic robots, the gait changes depend on the speed and 

load of movements. The heavier the load, more supporting legs 

are needed per unit time. That is, the greater the number of 

supporting legs and duty ratio, the longer the time of stance 

phase in a gait cycle, and the slower the moving speed. 

 

4.2 Phase relationship of each leg 

 

As shown in Figure 4, during the movements of hexapod 

robot, the legs on each side lift and drop in sequence from front 

to back. The back legs repeat the movements of the front legs 

in turn. Overall, the leg movements spread like a wave. 

To evaluate the phase relationship of movement 

propagation between legs, the concept of beat was defined as 

the time when a movement of a leg spread to the next leg [16]. 

The phase difference between adjacent legs on the same side 

is clearly one beat. 

Next, the synchronization between the movements of each 

leg in two most typical gaits of bionic robots are plotted in 

Figure 5, aiming to illustrate the phase difference between the 

gait waves of the legs on both sides. The synchronization in 

the tripodal gait is presented on the left, and that in the 

quadrupedal gait is given on the right. It can be seen that the 

right leg is one beat behind the left in the tripodal gait, and two 

beats behind in the quadrupedal gait. Hence, for an N-feet gait, 

the right leg must be (N-2) beats behind the left leg.  

When the hexapod robot is half occupied, it moves forward 

in the tripodal gait [17]. In this case, the robot legs take the 

same amount of time in swing phase as in support phase. In 

other words, the ascending and descending curves of CPG 

output signals have the same duration. To realize stable control 

of the robot, the output signals were divided into rhythmic 

signals of leg movements with significant phase in one gait 

cycle. 

 

 
 

Figure 4. The sequence of leg movements 

 

 
 

Figure 5. The synchronization between legs 

 

4.3 Coupling design of leg joints 

 

During the movement of the hexapod robot, the hip and 

knee joints often obey a certain law of movement, which 

depends on the hip joint coordination between the six legs. The 

legs belong to different groups in terms of phase angle 

difference. To ensure the degrees of freedom, the rotation of 

each leg joint must be realized by the coupling between the 

joints in the leg. Otherwise, the body and legs cannot move 

stably in coordination [18]. 

To map the oscillator output signal x, y and the rhythmic 

signal regulating the hip and knee movements, the two signals 

are compared in Figure 6. In actual movement, the hexapod 

robot needs to adjust its movement to adapt to the complex 

terrain. Thus, the movement time of the supporting leg might 

differ from that of the swinging leg [19]. Therefore, the 

original Hopf oscillator was improved to control the support 

phase and the swing phase separately. The original Hopf 

oscillator can be expressed as: 

 

{
𝜔 =

𝜔𝑠𝑡

𝑒−𝑏𝑦+1
+

𝜔𝑠𝑤

𝑒𝑏𝑦+1

𝜔𝑠𝑡 =
1−𝜂

𝜂
𝜔𝑠𝑤           

  (7) 
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where, 𝜔𝑠𝑤  and 𝜔𝑠𝑡  are determinants of the duration of the 

swing phase, and the support phase, respectively; 𝑏 is the time 

ratio between the two phases; 𝜂 is the duty ratio. 

Adding the external feedbacks f1 and f2 to formula (7), the 

improved Hopf oscillator can be expressed as: 

 

{
  
 

  
 𝑥
•
= 𝜆(𝐾 − 𝑟2)(𝑥 − 𝑓1) − 𝜔(𝑦 − 𝑓2)

𝑦
•
= 𝜆(𝐾 − 𝑟2)(𝑦 − 𝑓2) − 𝜔(𝑥 − 𝑓1)

𝑟 = (𝑥 − 𝑓1)
2 + (𝑦 − 𝑓2)

2                   

𝜔 =
𝜔𝑠𝑡

𝑒−𝑏𝑦+1
+

𝜔𝑠𝑤

𝑒𝑏𝑦+1
                               

𝜔𝑠𝑡 =
1−𝜂

𝜂
𝜔𝑠𝑤                                          

  (8) 

 

 
 

Figure 6. The regular leg movements of hexapod robot 

 

 

5. SIMULATION 

 

5.1 3D Model 

 

The target hexapod robot is approximately a symmetry 

rectangle. Among the numerous gaits of the robot, the most 

typical gait is tripodal gait. It is assumed that the centroid of 

the robot is the geometric center of the rectangle. During the 

simulation analysis, the feet in the supporting leg and the 

swinging leg are illustrated as solid dots and hollow dots, 

respectively. 

Before three-dimensional (3D) modeling in ADAMS, the 

following simplifications were conducted: (1)The body of the 

hexapod robot was simplified as a rectangular box with 

uniform density to maintain the relationship between the body 

and the hip joint; (2) The hip joint, knee joint, and ankle joint 

of each leg were regarded as nodes in a connecting rod system 

to maintain the relative positions between them in the leg; (3) 

The connections between the three joints and the body was 

treated like a rotating pair. 

After the simplifications, the horizontal ground was 

simulated in the following steps: First, build a cuboid on the 

bottom surface to emulate the horizontal ground, and set up 

constraints between the feet and the horizontal plane; Second, 

set the material of the body as aluminum alloy, and 

automatically generate the centroid and other parameters of 

each component in ADAMS; Third, set the direction of gravity 

vertically downward with the default value of 9.85. Through 

the above steps, the 3D modeling of the hexapod robot is 

successful if “Model Successfully Verified” appears in the 

dialog box. 

 

5.2 Control system 

 

The established 3D model was imported to MATLAB to 

obtain the input and output variables. Then, the CPG network 

was established mathematically based on the system module 

of ADAMS. The block diagram of the CPG control system is 

presented in Figure 7. The structure of a single neuron 

oscillation is explained in Figure 8. The entire control system 

consists of six subsystems, each of which could generate a set 

of changeable waveforms. In total, the control system can 

generate 18 waveforms to meet the requirements of the 

tripodal gait of the hexapod robot. 

 

 
 

Figure 7. The block diagram of the CPG control system 

 

 
 

Figure 8. The structure of single neuron oscillation 

 

Next, the simulation time was set to 5s, and a MATLAB 

simulation was conducted on the control system. Figure 9 

shows the dynamic movements of the hexapod robot in 

tripodal gait from 0-1.5s. 

 

   
(a)t=0s (b) t=1s (c) t=1.5s 

 

Figure 9. The dynamic movements of the hexapod robot in 

tripodal gait 
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5.3 FPGA hardware board 

 

LMD18200 is a 3A H-bridge specially designed for 

movement control applications. Through multi-functional 

design, this device integrates bipolar and CMOS 

(complementary metal oxide semiconductor) control circuits 

with DMOS (double diffused metal oxide semiconductor) 

power devices into the same monolithic structure. It provides 

an ideal driver for direct current (DC) and the driver chip of 

stepping motor. LMD18200 can accommodate up to 6A peak 

output current, and drive 10-30V motors [20]. Figure 10 

illustrates the circuit diagram of LMD18200. 

 

 
 

Figure 10. The circuit diagram of LMD18200 

 

Four DMOS tubes can be integrated in LMD18200 to form 

a standard H-type drive bridge. The two switch tubes of the 

upper bridge arm are provided with a gate control voltage by 

the charge pump circuit, which is always maintained at the 

operating frequency around 300kHZ. When the armature of 

the DC motor is connected to pins 2 and 10, the current will 

flow from pin 2 to pin 10 in forward rotation, and backward in 

reverse rotation. If overcurrent lasts for a long time, the 

overheat protector will shut down the entire current output, 

and pin 9 will output an overheat signal [21, 22]. 

This design relies on pulse width modulation (PWM) to 

control analog circuits with digital signals. After the opening 

and closing of power tubes are controlled, the DC voltage can 

be converted into a series of fixed-frequency pulse signals 

through the PWM. By changing the duty cycle of these pulse 

signals, the mean output voltage can be changed, thereby 

regulating the motor speed. The PWM converts analog circuits 

into digital signals from the controller to the controlled system, 

eliminating the need for digital-to-analog conversion. This 

saves lots of cost and space, and improves the anti-interference 

ability of the controller. 

After the motor is powered on, the motor speed increases at 

the arrival of a pulse; After the motor is powered off, the motor 

speed slows down. The motor speed can be automatically 

controlled. Let 𝑉max be the maximum motor speed, and 𝐷 =
𝑡1

𝑇
 

be the duty cycle, when the power supply is uninterrupted. 

Then, the mean motor speed 𝑉𝑑 can be calculated by: 

 

𝑉𝑑 = 𝑉𝑚𝑎𝑥 (9) 

 

Formula (9) shows that the mean motor speed is 

proportional to the duty cycle, and peaks at the duty cycle of 

1.  

In the circuit diagram, there are two counters, two NOT 

gates, and a D flip-flop. Counters 1 and 2 are the on and off 

switches, respectively. Both counters can be set in advance to 

desired numbers. Since counter output is actually the number 

of clock signals, the turn-on or turn-off time is the clock period 

multiplied by the number of counts. The circuit is realized by 

the following principles: 

At the start of the circuit, Q=0, counter 2 waits for counting, 

and counts clock from 0, and C2=0; counter 1 is preset to the 

number Don; when counter 2 counts from 0 to 49, C2=1 is 

outputted, and D flip-flop output is set to Q=1. 

At Q=1, counter 1 starts to wait for counting, and counts 

clock from 0, and C1=0; counter 2 is preset to the number Doff; 

when counter 1 counts from 0 to 49, C1=1 is outputted, and D 

flip-flop output is set to Q=0. 

At Q=0, counter 2 starts counting from the preset number 

Doff to 49, and then outputs C2=0; counter 1 is preset to the 

desired number; when counter 2 counts from the preset 

number to 49, C2=1 is outputted, and D flip-flop output is set 

to Q=1. 

The duty cycle of the output signal in the hardware circuit 

can be calculated by: 

 

𝑜𝑢𝑡 =
50−𝐷𝑜𝑛

[(50−𝐷𝑜𝑛)+(50−𝐷𝑜𝑓𝑓)]
=

50−𝐷𝑜𝑛

100−𝐷𝑜𝑛−𝐷𝑜𝑓𝑓
  (10) 

 

The voltage was regulated through fixed-frequency PWM. 

To change the size of the duty cycle,  

Xilinx FPGA was employed, and the PWM module was 

written in Verilog. By writing the code of the counter module, 

the PWM waveform was generated with fixed pulse period. 

The two modules worked together to realize the duty cycle. 

The task logic of the PWM module consists of the system 

input clock clk, reset signal reset, preset number Don, preset 

number Doff, and PWM output signal PWM. 

 

5.4 Debugging and result analysis 

 

The PWM digital signals were generated based on the Artix-

7 XC7A100T FPGA (Xilinx), and Verilog programming in the 

ISE Design Suite. The signals thus obtained feature simple 

structure, easy modification, precise control, and flexible use. 

This FPGA processing chip greatly simplifies the system 

structure and parameter modification, while improving the 

stability of PWM signals. 

Without exceeding the FPGA resources, the duty cycle of 

the PWM signal could be set arbitrarily without affecting the 

accuracy of the final result. The rhythmic signal code was 

written in Verilog, and the duty ratio was set to 50% to obtain 

the final simulation program. 

Figure 11 records the time variation in the movements of 

robot centroid. It can be seen that the centroid of the robot 

shifted by about 3m within 5s, but did not fluctuate 

significantly throughout the movement. This means the robot 

could move stably. 

Figure 12 displays the movements of each joint in the 

hexapod robot. Obviously, the support and swing phases of the 

robot alternatively appeared, completing coordinated and 

stable movements in the tripodal gait. 

Figure 13 shows the simulation waveforms at Don=45 and 

Doff=45, and the duty cycle is 50%. the simulation waveform 

of input preset number Don=25, Doff=35, the duty ratio is 

62.5%. It can be seen that: (1) The robot joints output a 

coordinated rhythmic signal; when the leg curve rose, the 

corresponding leg was in the swing phase; when the leg curve 

dropped, the corresponding leg was in the support phase. (2) 

The phase difference between leg groups in the hip joint output 

curve, denoted as π, amounts to half a cycle, such that different 
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leg groups took turns to complete coordinated movement; the 

hip joint control signals were the same among legs in the same 

group. 

Figure 11. The time variation in the movements of robot 

centroid 

(a) Angular velocity of each joint in the left foreleg

(b) Angular velocity of each joint in the right foreleg

Figure 12. The movements of each joint in the hexapod robot 

Figure 13. The simulation waveforms at Don=45 and 

Doff=45 

6. CONCLUSIONS

Multi-leg robots are widely recognized for their flexibility 

and terrain adaptability. To realize coordinated stable 

movements of hexapod robot, it is of practical significance to 

simulate the movement control mode of CPG. From the 

perspective of robot gait planning, this paper simulates and 

controls the coordinated and smooth movements of hexapod 

robot, using the rhythmic signal generated by the neural 

oscillation tissue of CPG. Firstly, the CPG control principles 

of footed animal movements were analyzed to derive the 

control method for gait generation and transform during robot 

movements. Next, the Hopf oscillator was improved to keep 

the duration of supporting phase equal to that of swinging 

phase of the robot. Further, the CPG was introduced to realize 

the coordinated control of multiple joints between and within 

the feet of hexapod robot. Based on the structure of the Hopf 

oscillator, a leg joint control module was established, 

consisting of six oscillators in a hierarchical topology. The 

proposed method was verified through Xilinx simulation. The 

results show that our gait control strategy can effectively 

regulate various typical gaits of hexapod robot, and meet the 

load requirements for the gait control of the robot’s rhythmic 

movements. In addition, the relevant control module is easy to 

build, flexible to adjust, and convenient for real-time control.  
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