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Abstract. Central Pattern Generators (CPGs) are widely used for the control of locomotion in robots,
inspired from the animal neural structures and mechanisms for locomotion. This paper presents a hardware
implementation to generate adaptive gait patterns for quadruped robots modeled through a CPG-network
formed by a set of coupled Van der Pol oscillators. The proposed implementation is based on a modular
approach and it is targeted to a Field Programmable Gate Array (FPGA) device. The hardware imple-
mentation is able to generate suitable gait patterns in real time and control the transition among different
types of locomotion, such as walking, trotting, and galloping, by modifying the internal oscillator param-
eters. The simulation and experimental results demonstrate that the hardware implementation is effective
to control the quadruped locomotion yet it is easily adaptable and scalable to other locomotor structures
commonly used in robotics.

1 Introduction

Recently, experiments and research work have addressed the feasibility of the design of locomotion control
systems of legged robots taking inspiration from locomotion mechanisms in humans and animals. Legged lo-
comotions are performed in rhythmic synchronized manner where a large number of degrees of freedom are
involved so as to produce well-coordinated movements. From biological studies, it is known that fundamental
rhythmic periodical signals for locomotion are produced by CPGs and the main part of the coordination takes
place in the central nervous system. CPGs are comprised of neural oscillators located in the spine of vertebrates
and in the segmental ganglia of invertebrates [1, 2]. CPGs are often modeled as oscillators that have mutually
coupled excitatory and inhibitory neurons, following regular interconnection structures. CPGs automatically
generate complex control signals for the coordination of muscles during rhythmic movements, such as walking,
running, swimming and flying [3]. The CPG-based approach for locomotion control systems has several advan-
tages. Due to the limit cycle behavior of neural oscillators, i.e., stable rhythmic patterns, the system rapidly
returns to its normal rhythmic behavior after transient perturbations of the state variables, providing robust-
ness against perturbations. As a result of the natural synchronization and coordination of CPGs, the amount
of computations is reduced. The synaptic plasticity of interconnections and feedback signals, used to integrate
sensory information, allow CPGs to produce flexible locomotion in unknown environments [4, 5]. However, one
of the main disadvantages of CPGs is that their parameters are usually tuned by trial and error methods, and
there are few training methodologies, genetic algorithms for example, to generate the rhythmic signals [6].

For robotics, the miniaturization of perception-action artifacts inspired by the principles of living systems
may be desirable so as to look for real-time adaptability of robots to the environment. These technologies will
require small, low-cost, power efficient and adaptive controllers which might benefit from custom bio-inspired
hardware. For example, CPG models have been used for controlling swimming robots, such as a salamander
robot [7] and a turtle robot [8]. CPGs also have been extensively used on quadrupeds, hexapods and octopods
robots [9–13]. Control systems for quadruped robots using CPGs have been explored by Hiroshi Kimura et al
[11]. Many of these applications have been developed using dedicated hardware, both analog and digital [11–13].
On one hand, CPGs have been implemented using microprocessors providing high accuracy and flexibility but
those systems consume high power and occupy a large area restricting their utili ty in embedded applications.
On the other hand, analog circuits have been already proposed, being computation and power efficient but they
usually lack flexibility and dynamics and they involve large design cycles.

In this paper an FPGA-based hardware implementation to generate different gaits for quadruped robots is
presented, based on established principles of locomotion that mimics biological CPGs. A custom implementation
of the Van Der Pol CPG attached to a Xilinx microblaze processor is presented and discussed. Potentially, this
approach might provide modular control circuits that are adaptable and able to generate complex, coordinated
movements. The goal of this implementation is to show the feasibility of self-contained locomotion solutions
using modular, adaptable and compact modules with a high degree of programmability.
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Fig. 1: Typical gait patterns in quadruped locomotion and their relative phases between the limbs.

(a) (b) (c)

Fig. 2: (a) General CPG network for quadruped locomotion. (b)-(c) Configurations corresponding to walk and trot gaits.
Black and white dots represent excitatory and inhibitory connections, respectively.

2 CPG-based quadruped locomotion

Animal locomotion employs different periodic patterns known as animal gaits. Researchers have established
that gaits possess certain symmetries and have modeled the gaits of quadrupeds by a system of coupled cells
where each cell is composed of a set of neurons directly responsible to synchronize the movement of their limbs.
A simplified mathematical model of CPG-based locomotion consists of using one cell per limb and replacing
each cell by a nonlinear oscillator. Thus, quadruped gaits are modeled by coupling four nonlinear oscillators,
and by changing the coupling strength, it is possible to reproduce rhythmic locomotion patterns. In rhythmic
movements of animals, a transition of the rhythmic movements is often observed. As a typical example, horses
choose different locomotive patterns in accordance with their needs, locomotive speeds or the rate of energy
consumption. In addition, each gait pattern is characterized by relative phase among the limbs [14]. Figure 1
shows the typical horse gait patterns and its relative phases between the limbs. Here, LF, LH, RF, and RH
stand for left forelimb, left hindlimb, right forelimb, and right hindlimb, respectively.

There are several models for neural oscillators to model the basic CPG to control a limb, such as the Amari-
Hopfield [15], Matsuoka [12] and Van De Pol models [16]. In this work, the basic cell is modeled by a Van Der
Pol (VDP) oscillator which is a relaxation oscillator governed by a second-order differential equation:

ẍ− α(p2 − x2)ẋ + ω2x = 0 (1)

where x is the output signal from the oscillator, α, p and ω are the parameters that tune the properties of
oscillators. In general terms, α affects the shape of the waveform, the amplitude of x depends on the parameter
p. The output frequency is highly dependent on the parameter ω. Equation 1 can be rewritten as:

ẋ = y
ẏ = α(p2 − x2)y + ω2x

(2)

In this work, the locomotion control system of a quadruped is modeled as a network of eight VDP oscillators
as shown in the figure 2a and suggested in most works reported in the literature [4, 11]. Four main oscillators
(LFl, RFl, LHl, RHl) control the movement of a limb, and the others the relative movement of the knee associ-
ated to a limb (LFk, RFk, LHk, RHk). Oscillators are mutually forced to oscillate in the same period and with
a fixed phase difference. The mutual interaction among the VDP oscillators in the network produces a gait, and
by changing the coupling weights, it is possible to change the phase difference between the oscillators. Figures
2b to 2c, show the network configurations to generate periodic rhythmic patterns for walking and trotting.

The dynamics of the ith coupled oscillator in the network is given by:

ẍc + α(p2
c − x2

cj)ẋc − ω2xcj = 0 (3)

For i = 1, 2, 3, 4 , where xc is the output signal from an oscillator, xcj denotes the coupling contribution of
its neighbors given by the equation 4:

xcj =
∑

j

λcjxj (4)
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Fig. 3: Digital hardware architecture for the Van Der Pol oscillator.

Where λcj is the coupling weight that represents the strength of jth oscillator over the current oscillator.
The generation of the respective gaits depends on the values of the system parameters.

3 FPGA-based hardware implementation

In this section, we describe the architecture of the CPG hardware implementation for interlimb coordination
in quadruped locomotion. Most of the previous hardware implementations of CPGs are capable of generating
sustained oscillations similar to the biological CPGs, however, quite a few have addressed the problem of
embedding several gaits and performing transitions between them. One important design consideration in this
paper, is that the FPGA-based implementation should be a platform well suited to explore adaptive behavior
and dynamics, i.e., the platform can be switched between multiple output patterns through the application of
external inputs [17]. For the implementation, a two complement 18-bit fixed point representation with 11-bit
for the integer part and 7-bit for the fractional part were chosen as a good compromise for average error and
hardware resource utilization.

Figure 3 shows a block diagram for the hardware implementation of the discretized VDP equation. In
the first stage, the value of Xci is calculated: this value depends on the Xc-neighbors and the coupling weight
values. This stage uses four multipliers and one adder. The square values of p, Xci and ω are calculated in the
second stage, it uses three multipliers. In the third stage, the values of α ∗ yc and p2 −Xci are calculated, one
multiplier and a subtracter are used. The fourth stage computes the values of α ∗ yc ∗ (p2 −Xci) and ω2 ∗Xci.
This stage uses two multipliers. For the integration stage, the numerical method of Euler was implemented by
using two shift registers and two adders. The integration factor is implemented by a shift register, which shifts
six positions the values of ẏc and ẋc to provide an integration factor of 1/64. The block labeled as R eg stands
for accumulators that hold the internal state of the VPD oscillators. Finally, the values yc and xc are obtained.

Several VDP modules are implemented and organized according to the network shown in figure 2a to
generate walk, trot and gallop gaits for quadrupeds. To overcome the partial lack of flexibility of the CPG
digital architecture, this has been attached as a specialized coprocessor to a microblaze processor. A 35-register
bank is used to receive the input parameters, α, p2, ω2, λij and the initial values of each oscillator, from the
processor.

4 Implementation results

The CPG digital architecture has been modeled using the Very High Speed Integrated Circuits Hardware
Description Language (VHDL), and synthesized using the ISE Foundation and EDK tools from Xilinx targeted
to the FPGA device in the Spartan-3E starter kit development board.

To test the hardware implementation, hardware-in-the-loop approach, a C-based application was developed
on the microblaze to set the values of the parameters in the hardware digital implementation. Results were sent
to a digital-analog converter (DAC) and the output signal from the DAC was visualized on a oscilloscope. Figure
4 shows, the walking locomotion pattern, in the bioloid robot simulator, and the periodic oscillations for the
different joints, limbs and knees, produced by the hardware implementation. Figures (a)− (h) show the specific
bioloid joint positions corresponding to the time labels shown in the walk time graph. Figures (j)-(k) show the
phase relationship between the knee and limb joints in the right forelimb and hindlimb during walking. Finally,
in figure (l) a time graph to show transition between walking and trotting is presented. Locomotions patterns for
trot and gallop, and the transitions between them, were also tested. The phase attractors for the VDP oscillator
during transition, from walking to trotting, reach an stable cycle in around 2 seconds. In this time, the simulation
presented an unpredictable behavior of robot locomotion, which can lead to unstable gait. To overcome this
problem, a method to realize soft transitions between the different gaits is yet necessary. The values of weight
matrix to configure the CPG network are shown in table 1. The initial values, x0,...,7 = {4, 2, 3, 1, 1, 1, 1, 1},
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Table 1: Weight matrix for VDP oscillators associated to the limbs

Gait Walk Trot Gallop

Weight




1.0 −0.2 −0.2 −0.2
−0.2 1.0 −0.2 −0.2
−0.2 −0.2 1.0 −0.2
−0.2 −0.2 −0.2 1.0







1.0 −0.2 0.2 −0.2
−0.2 1.0 −0.2 0.2
0.2 −0.2 1.0 −0.2
−0.2 0.2 −0.2 1.0







1.0 0.2 −0.2 −0.2
−0.2 1.0 0.2 −0.2
−0.2 −0.2 1.0 0.2
0.2 −0.2 −0.2 1.0




Table 2: Hardware utilization for implementation of the CPG control for different network configurations targeted to a
Xilinx 4vsx55ff1148-12 device

Configurations LUTs Flip-Flops Slices Embedded
multipliers

Clock frequency
(MHz)

quadruped 1033 293 517 56 41
hexapod 1357 437 769 84 41
octopod 2185 581 1093 112 41

y0,...,7 = 0, α = 1, p2 = 2, ω2 = 20 were used. The values were calculated experimentally with a software
implementation.

Compared with others implementations, such as CMOS-based implementations, the FPGA implementation
is more suitable to explore adaptive locomotion. The network can be easily customized to work with others
different topologies, for hexapods or octopods for example, adding more VDP modules. Table 2 shows a
summary of the FPGA resource utilization of the network architecture for different configurations using a
virtex 4vsx55ff1148-12 device.

5 Conclusions and future work

This work has presented a hardware implementation for Central Pattern Generators for locomotion control of
quadruped robots. The presented examples show that the measured waveforms from the FPGA-based imple-
mentation agree with the numerical simulations. The implementation provides flexibility to generate different
rhythmic patterns, at runtime, suitable for adaptable locomotion and the implementation is scalable to larger
networks. The microblaze, allow us to propose an strategy for both generation and control of the gaits, and it is
suitable to explore the design with dynamic reconfiguration in the FPGA. Future work will focus on: (a) explore
larger networks for a complete locomotion controller and embedding more diverse transitions (b) incorporate the
feedback from the robot body to improve the generation of patterns, (c) integrate visual perception information
to adapt the locomotion control in an unknown environment and (d) to scale up the present approach to legged
rob ots with several degrees of freedom to generate complex rhythmic movements and behaviors.
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Fig. 4: (a)-(h) Walking locomotion patter snapshots for the bioloid robot simulator. (i) Walk time graph for different
joints. (j)-(k) Oscillation patterns for the right forelimbs, hindlimbs and knees. (l) Waveforms during transition between
walking and trotting.
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