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Abstract
Based on the central pattern generator (CPG) and fuzzy controller, this paper proposes a heading control method for the
directional motion for a new type of blade legged hexapod robot (BLHR). First, the modified Hopf oscillator is used to
construct the CPG model of BLHR based on the limit cycle. Second, the fuzzy controller is applied to adjust the support
angles of legs to change the heading of BLHR, thereby correcting the error between the actual and desired heading angle
in real-time. Finally, the feasibility and effectiveness of the proposed CPG-Fuzzy control method is verified in Gazebo
simulations and real-world experiments. This is the first attempt to combine CPG and fuzzy control in the context of hexapod
robot. In comparison to existing control methods, the proposed CPG-Fuzzy controller can implement heading control of
BLHR with better performance and value of further investigation.

Keywords Central pattern generator · Hopf oscillator · Fuzzy control · Hexapod robot · Blade leg · Heading control

1 Introduction

In the realm of robotics research, legged robots hold great
significance. These robots exhibit a high degree of limb
articulation, affording them adaptability in their gait. They
meticulously fine-tune the joint angles in their legs to main-
tain stable locomotion, making them particularly well-suited
for operation in unstructured environments, as noted in [1].
Legged robots, on the other hand, generally suffer from rel-
atively slower walking speeds and are susceptible to tipping
due to shifts in their center of gravity. Conversely, wheeled
robots offer rapidmobility, heightened efficiency, and simpli-
fied controlmechanisms.However, theirmovement is largely
confined to level surfaces, rendering them ill-suited for nego-
tiating rugged terrains such as gullies and staircases. In
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response to these distinctions, researchers have ingeniously
crafted wheel-legged mobile robots, amalgamating the mer-
its of both legged and wheeled locomotion [2–5].

Wheel-legged mobile robots have attracted wide atten-
tion because of their advantages of high mobile speed and
strong obstacle avoidance ability [6]. The hexapod robot
RHex consisted of six semi-circular flexible legs, which can
realize various typical motion modes such as running, jump-
ing and climbing stairs, etc [7]. Whegs was a robot with six
three-spoke wheel legs, each spoke alternating supported on
the ground periodically. It has shown strong obstacle cross-
ing ability and terrain adaptation [8]. The hybrid underwater
hexapod robot HUHR had six C-shaped legs that combined
the mobility of wheeled legs and the climbing ability of crab
legs. Each leg had only one degree of freedom, making it
easy to control. HUHR can achieve various motion modes
such as cruising, walking and climbing [9]. The amphibious
robot AmphiHex-II combined the advantages of curved legs
on land with webbed legs underwater, and was capable of
stable operation in water and on land [10].

Currently, the technology to study the structural design of
mobile robots is much mature, but there are still many prob-
lems on gait planning and control [11]. As a key research
field for the motion control of legged robots, appropriate
gait planning not only ensures the stable adjustment of the
robot in rugged environments, but also improves the energy
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efficiency and walking speed of the robots [12]. There are
two main methods on gait planning for legged robots, i.e.,
model-based method and bionic method. Traditional model-
based method relies too much on accurate robot model. Its
kinematic calculations are notably complex, and trajectory
planning poses a considerable challenge.Moreover, the asso-
ciated workload is substantial, which hampers the feasibility
of real-time control for legged robots. The bionics method is
to plan the gait based on the external environment and stim-
uli by simulating the behavior of the biologically control leg
movements [13]. It combines biological science and engi-
neering techniques to achieve better adaptation and speed of
response compared with traditional control methods. Central
pattern generator (CPG) is one of the research hotspots in the
field of bionic control. It simulates the self-excitation behav-
ior of biological lower neural centers to produce rhythmic
motion, which has been verified to be suitable for the motion
control of multi-legged robots [14].

There are several kinds of oscillators widely used as
CPG neurons, such as Matsuoka oscillator, Kimura oscil-
lator, cosine oscillator, Van Del Pol oscillator and Hopf
oscillator [15–19]. The main advantage of the Hopf oscil-
lator, as compared to other oscillators, is the clear physical
interpretation of its parameters. Moreover, it allows for inde-
pendent adjustments of both amplitude and phase, rendering
it a better option for generating gaits in hexapod robots. The
modified Hopf oscillator was first proposed to realize the
walking and trotting gait of the quadruped robot based on
CPG control mode in [20]. The CPG control method and
the modified Hopf oscillator was adopted in [21] to generate
different gait of the quadruped robot. Altering the driving
signal has the potential to induce variations in motion and
velocity, facilitating smooth transitions between different
gaits.

Regardingmotion control, Lindqvist et al. [22] introduced
a depth point heading regulation method employing depth
images captured by airborne RGB-D cameras. They applied
this heading regulation technique to govern the heading angle
of quadruped robots. Additionally, a sliding mode tracking
control scheme for a four wheel-legged robot was proposed
[23] based on neural networks under uncertain interactions.
Thismethod guaranteesminimal lateral and heading errors in
the robot’s tracking process. Controllers that only use CPG
method belong to open-loop control, making it difficult to
achieve real-time control of robots.Many scholars have com-
bined CPG with other approaches. Yu et al. [24] proposed
a method for determining optimized control parameters for
multi-joint biomimetic robotic fish. The system performance
was improved by combining the dynamic model and parti-
cle swarm optimization algorithm to find the characteristic
parameters of CPG. A closed-loop sensory feedback con-
trol structure based on CPG for a biomimetic robotic fish
was proposed in [25]. The closed-loop fuzzy logic control

structure was used as a brain model to determine adaptive
swimming modes based on sensory information. Yan et al.
[26] proposed a model predictive controller based on CPG to
achieve trajectory tracking control of the biomimetic robotic
fish. A motion controller for undulating fin robot was pro-
posed in [27]. The controller was composed of an modified
CPG network, and the convergence rate was optimized by
using reinforcement learning algorithm.

Inspired by the above analyses, we propose a CPG-
Fuzzy controller to study the heading control of the blade
legged hexapod robot (BLHR). The BLHR amalgamates the
strengths of both legged and wheeled robots while exhibiting
robust adaptability to varying terrains. The mapping func-
tion between CPG output and joint rotation angle can be
changed by adjusting the support angle of the legs using the
fuzzy controller. In this way, the real-time heading control
is achieved. Gazebo simulations and real-world experiments
are conducted to investigate and validate the performance of
the proposed method.

Our main contributions are summarized as follows.

1. Diverging from the sole application of CPG control in
hexapod robots as seen in previous studies [11, 18], we
employ a CPG-Fuzzy controller for the heading control
of hexapod robot that is driven by arc-shaped blade legs.
This is due to the fact that both CPG and fuzzy control
operate independently of accurate mathematical models,
making them straightforward to compute and implement.
To our knowledge, this is the first attempt to combine
CPG and fuzzy control in the context of hexapod robots.
By formulating fuzzy control rules rooted in practical
experience, the control performance demonstrated in this
paper is better than that of [9].

2. In this paper, we introduce an annular coupling network
CPG structure for the BLHR. This structure exhibits
greater coupling strength when contrasted with the chain
structure, as seen in prior works [10, 27]. In comparison
to fully connected network configurations [11], the annu-
lar coupling network reduces computational complexity
while upholding control performance.

3. We conduct thorough simulations within the Gazebo
environment and real-world experiments in an indoor
hallway to showcase the practicality and efficacy of our
proposed approach.

The remainder of this paper is organized as follows.
Section 2 introduces the structure of BLHR and Hopf oscil-
lator. The proposed CPG-fuzzy controller is designed in
Section 3. Section 4 shows the simulation and experimen-
tal results. Finally, Section 5 concludes the work and gives
the future direction.
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Fig. 1 Blade legged hexapod
robot and its leg number

2 Preliminaries

2.1 The Structure of BLHR

The BLHR exhibits a symmetric structure, featuring a sleek
and slender body. Its locomotion is driven by six identically
sized arc-shaped blade legs, evenly distributed on either side
of the body. The structural configuration of BLHR is pre-
sented in Fig. 1, with legs numbered from 1 to 6. Each leg
possesses a single degree of freedom, actuated by an elec-
tric motor. The main structural parameters are detailed in
Table 1.

The blade legs rotate full circle with counterclockwise,
just as Fig. 2 shows. The state in which the blade leg is ele-
vated above the ground is termed the swing phase, while
the state where it makes contact with the ground is known
as the support phase. Point P signifies the location where
the blade leg transitions from the swing phase to the support
phase, while point Q marks the position where this transition
occurs from the support phase back to the swing phase. The
angles at these critical points are denoted as θP for the blade
leg at point P and θQ for the blade leg at point Q.

In a rotation cycle, the support angle is defined as θs =
θQ − θP , and the swing angle is defined as θ f = 2π − θs .
The height of leg joint from the ground can be expressed as

{
hP = R cos(π − θP ) + R
hQ = 2R cos(θQ − π).

(1)

From the geometric relationship in Fig. 2, it is clear that
hP = hQ , then we can get the relationship between θP and
θQ as

θP = arccos(1 + 2 cos θQ). (2)

Table 1 The main structure parameters of BLHR

Parameters Description Value(mm)

L Length 580

W Width 414

H Height 210

R Radius of blade legs 88

Remark 1 Inmechanical design, in order to ensure the stabil-
ity of the robot, the blade legs are required to have a certain
stiffness, while the necessary elasticity is required to reduce
the impact on the ground and achieve the shock absorption
effect. Therefore, 65 Mn spring steel is selected as the mate-
rial for the blade legs, and the maximum static load on a
single leg is 4 Kg when the weight of the robot body is 8 Kg.

2.2 Hopf Oscillator

Based on the advantages of the Hopf oscillator analyzed ear-
lier, in this paper, we select Hopf oscillator as the basicmodel
of CPG, the mathematical model of a typical Hopf oscillator
is expressed as follows

{
ẋ = α(μ − x2 − y2)x − ωy
ẏ = α(μ − x2 − y2)y + ωx,

(3)

where x, y are the coupling variable, α is the convergence
rate of the limit cycle,

√
μ is the steady-state amplitude of

the oscillator and ω is the oscillator frequency.
The Hopf oscillator can produce sinusoidal waveform

stably, with its output signal being dimensionless. The
ascending part and descending part of y correspond to swing
phase and support phase in the walking gait of the robot,
respectively. Its duty cycle β = 0.5 generally, which means

Fig. 2 Single leg rotation diagram
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Fig. 3 The CPG-Fuzzy
controller structure block
diagram

the time of swing phase T f equals to the time of support phase
Ts . Define the gait cycle as T = T f + Ts , then the relation-
ships between time and β are Ts = βT and T f = (1− β)T .
In the actual walking process, T f and Ts are not necessarily
the same, and different β makes the walking gait of hexapod
robot diversely. In order to adjust the phase position between
swing phase and support phase, an modified Hopf oscilla-
tor was proposed as the signal generator of hexapod robot
[20]. Compared with typical Hopf oscillator, the modified
oscillator frequency is designed as

ω = ω f

e−bx + 1
+ ωs

ebx + 1
, (4)

where ω f is the frequency of swing phase and ωs is the fre-
quency of support phase. b is the conversion speed between
swing phase and support phase.

The swing phase and support phase can be adjusted inde-
pendently by changing the ratio between ω f and ωs , i.e.,
ω f : ωs = β : (1 − β). In this way, output waveforms
corresponding to different gaits are implemented.

3 CPG-Fuzzy Controller Design

In this section, we propose a CPG-Fuzzy controller to
implement the heading motion of BLHR. The structure
block diagram of the CPG-Fuzzy controller is illustrated in
Fig. 3. Initially, the CPG model for BLHR is built using the
modified Hopf oscillator. Subsequently, the fuzzy controller
comes into play to generate the adjustment coefficient for
the leg support angles. Finally, the joint rotation angles for
all six legs are derived through a mapping function, facilitat-
ing real-time correction of any disparity between the actual
and desired heading angles.

Remark 2 The primary emphasis of this paper centers on
accomplishing both gait planning and heading control for
the hexapod robot driven by arc-shaped blade legs. While
gait planning can be realized through the biological CPG
approach. There are various methods available for heading
control. Much like CPG, fuzzy control operates without a
strict dependence on the robot’s mathematical model. Hence,
we have chosen to integrate theCPGwith the fuzzy controller
as our approach.

3.1 Overall Structure of CPG Network

The biological CPG can be categorized into two primary
structures: chain and network. In the chain CPG, oscillators
are organized sequentially, maintaining a constant phase dif-
ference between each oscillator. The network CPG consists
of multiple oscillators to form a network topology. Among
these topologies, the annular and fully connected coupling
network, depicted in Fig. 4, stands out as the most preva-
lent. It’s evident that the annular coupling network’s coupling
strength resides in the middle of the three options. This con-
figuration not only fulfills the communication requirements
of the hexapod robot but also strikes a balance in terms of
computational complexity.

The single leg of BLHR interact with each other and coor-
dinate to complete the motion process. According to the
structure characteristics and gait motion mode of BLHR, we
construct the CPG network topology of the system as shown
in Fig. 5. The network of whole system is composed of six
oscillators which are coupled with each other according to
the annular topological structure.

The mathematical model of annular coupled network can
be expressed as

{
Ẋ = αAX − WY
Ẏ = αAY + WX + ε(MY − N X),

(5)

Fig. 4 The structures of
biological CPG
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Fig. 5 CPG network topology of the system

where X = [x1, x2, · · · , x6]T , Y = [y1, y2, · · · , y6]T , A =
diag(μ−x21 − y21 , · · · , μ−x26 − y26 ),W = diag(ω1, · · · , ω6)

and ε is the coupling strength between oscillators.
An antisymmetric coupling matrix θ ∈ C

6×6 is defined
to represent the phase relationships between oscillators. θi j
represents the phase difference between oscillatorCPGi and
CPG j , (i = 1, 2, · · · , 6, j = 1, 2, · · · , 6), where θi j =
0 means same phase. The coupling coefficient matrices are
defined as M = cos θ and N = sin θ . θi j = ∗ means that
there is no connection between these two oscillators. In this
case, we stipulate that the elements at corresponding position
of M and N are 0.

According to the number of legs supported by robots,
hexapod robot walking gait can be divided into three types,
i.e., tripod gait, tetrapod gait and wave gait. Their character-
istics are shown in Table 2. The legs in same group have the
same phase, their phase difference is 0. The annular coupled
networks with different gaits are shown in Fig. 6. Thus, the
coupling matrices of three gaits are defined as follows

θ tr i =

⎡
⎢⎢⎢⎢⎢⎢⎣

∗ π π ∗ ∗ ∗
−π ∗ ∗ −π ∗ ∗
−π ∗ ∗ ∗ −π ∗
∗ π ∗ ∗ ∗ π

∗ ∗ π ∗ ∗ π

∗ ∗ ∗ −π −π ∗

⎤
⎥⎥⎥⎥⎥⎥⎦

, (6)

θ tetr =

⎡
⎢⎢⎢⎢⎢⎢⎣

∗ 2/3π 4/3π ∗ ∗ ∗
−2/3π ∗ ∗ −2/3π ∗ ∗
−4/3π ∗ ∗ ∗ −2/3π ∗

∗ 2/3π ∗ ∗ ∗ 4/3π
∗ ∗ 2/3π ∗ ∗ 2/3π
∗ ∗ ∗ −4/3π −2/3π ∗

⎤
⎥⎥⎥⎥⎥⎥⎦

, (7)

θwave =

⎡
⎢⎢⎢⎢⎢⎢⎣

∗ π 4/3π ∗ ∗ ∗
−π ∗ ∗ −2/3π ∗ ∗

−4/3π ∗ ∗ ∗ −2/3π ∗
∗ 2/3π ∗ ∗ ∗ 4/3π
∗ ∗ 2/3π ∗ ∗ π

∗ ∗ ∗ −4/3π −π ∗

⎤
⎥⎥⎥⎥⎥⎥⎦

.

(8)

3.2 Fuzzy Controller Design

As can be seen from the above analyses that gait plan-
ning based on CPG belongs to open-loop control. Without
considering feedback, it is difficult to adapt to different
environments to implement effective control for BLHR. At
present, classical control methods include PID control, slid-
ing mode control, fuzzy control and neural network control,
etc. Among these, fuzzy control stands out as a mature
intelligent control method that does not rely on accurate
mathematical models of the controlled object. It operates
on straightforward principles, is easily implementable, and
demonstrates strong anti-interference capabilities. Thus, we
propose a CPG-Fuzzy controller to implement heading con-
trol for BLHR.

In Fig. 3, ψ is the actual heading angle and ψd is the
desired heading angle. ke, kec and ku are scale factors
of inputs and outputs in fuzzy controller. e(k) and 	e(k)
represent the heading error and the rate of error change,
respectively.

{
e(k) = ψ − ψd

	e(k) = e(k) − e(k − 1).
(9)

The inputs of the fuzzy controller are designed as E =
kee(k) and EC = kec	e(k). The outputs are ui , (i =
1, 2, · · · , 6). We define (·)l to represent the parameters of
left legs, i.e., i = 1, 3, 5, while define (·)r to represent the

Table 2 The Characteristic of Different Gaits

Gait Group Characteristic

Tripod gait I:(1,4,5); II:(2,3,6) One group legs are in the support phase simultaneously.

Tetrapod gait I:(1,4); II:(2,5); III:(3,6) Two groups legs are in support phase simultaneously.

Wave gait I:(1); II:(4); III:(5); IV:(2); V:(3); VI:(6) Five legs are in support phase simultaneously.
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(a) (b) (c)

Fig. 6 The annular coupled networks with different gaits: (a) tripod gait; (b) tetrapod gait; (c) wave gait

parameters of right legs, i.e., i = 2, 4, 6. The basic uni-
verse of control inputs and outputs are [−3, 3], and the basic
universe is planned into 7 levels. The control inputs and
outputs adopt the triangular membership function, and the
fuzzy sets are all set as {N B, NM, NS, ZE, PS, PM, PB},
which correspond to Negative Big, Negative Middle, Nega-
tive Small, Zero, Positive Small, PositiveMiddle and Positive
Big, respectively. The membership function is shown in
Fig. 7.

The adjustment rule of ui is: a) when E > 0, the BLHR
is leaning to left and should turn right. θsl need increase and
θsr need decrease, when EC is positive, ul is positive and ur
is negative; b) when E < 0, the BLHR is leaning to right and
should turn left. θsl needdecrease and θsr need increase,when
EC is negative, ul is negative and ur is positive. According
to the adjustment rules of ui , the fuzzy control rules of ul
and ur are designed respectively, as shown in Tables 3 and 4.

Mamdani fuzzy reasoning method is used and the output
vector of the fuzzy control quantity is obtained according to
the maximum and minimum method. Defuzzification is the
center of gravity method. The output surface of the model is
shown in Fig. 8.

The actual change coefficients of the support angle is ki =
kuui . The key point of the proposed controller is to adjust the
heading by changing the support angle of the legs. The initial
support angle is defined as θs0, and the real-time support
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NB NM NS ZE PS PM PB

Fig. 7 The membership function of E , EC and ui

angle of the legs is designed as

θsi = (1 + ki )θs0. (10)

3.3 Mapping Function Between CPG Output
and Joint Rotation Angle

After establishing the output waveform of the CPG network,
the output signal is then translated into joint rotation angles.
Each oscillator’s state transition is depicted as a harmonic
output signal, making it pivotal to create a mapping function
between harmonic signals and the rhythmic movements of
the robot in order to realize CPG bionic control.

We establish an one-to-one correspondence between the
CPG output variable yi and the joint rotation angle qi . Since
the variation range of yi is [−1, 1], the variation range of qi
is [0, 2π ], then, the mapping function can be designed as

qi =
{

(1 + yi ) × θsi /2 + θPi , xi ≥ 0
−(1 + yi ) × θ fi /2 + θPi + 2π, xi < 0.

(11)

Thus, the joint rotation angles of six legs are obtained, so
as to adjust the heading of BLHR in real-time.

Remark 3 The BLHR integrates the strengths of both legged
and wheeled robots, offering adaptability to diverse ter-
rains. The proposedmethod proves effective in environments

Table 3 Fuzzy control rules of ul

E
EC

NB NM NS ZE PS PM PB

NB NB NB NM NM NS ZE ZE

NM NB NB NM NS NS ZE PS

NS NM NM NS NS ZE PS PS

ZE NM NM NS ZE PS PM PM

PS NS NS ZE PS PS PM PM

PM NS ZE PS PS PM PB PB

PB ZE ZE PS PM PM PB PB
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Table 4 Fuzzy control rules of ur

E
EC

NB NM NS ZE PS PM PB

NB PB PB PM PM PS ZE ZE

NM PB PB PM PS PS ZE NS

NS PM PM PS PS ZE NS NS

ZE PM PM PS ZE NS NM NM

PS PS PS ZE NS NS NM NM

PM PS ZE NS NS NM NB NB

PB ZE ZE NS NM NM NB NB

requiring heading control. Nevertheless, it is noted that
the proposed method may encounter limitations in terrains
characterized by significant slopes, large obstacles, or exten-
sive sand and gravel, where it might not be suitable for
operation.

4 Simulation and Experiment

To validate the effectiveness of the proposed CPG-Fuzzy
controller, we conducted two motion tests in both Gazebo
simulations and real-world experiments. These tests encom-
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Fig. 8 The output surface of the fuzzy controller: (a) the output surface
of ul ; (b) the output surface of ur

pass directional straight motion with three different gaits and
directional turning motion with tripod gait.

4.1 Simulation

The principles of parameters selection are as follows. Firstly,
the period T and duty cycle β are chosen, thereby deter-
mining the gait pattern to be employed. Subsequently, initial
values of the coupled variables x and y are chosen. μ influ-
ences the amplitude of the oscillator’s output, with a value
range of (0,+∞). As μ increases, the oscillator’s amplitude
gradually grows. α affects the convergence rate of the limit
cycle and with a value range of (0,+∞). As α increases,
the convergence rate accelerates, but beyond a certain point,
it no longer impacts the oscillator’s output performance. b
influences the waveform’s period, with a larger b resulting in
a longer period. However, beyond a certain value, it ceases to
affects the oscillator’s output performance. The values of ke
and kec impact the steady-state error and with a value range
of (0,+∞). Larger parameter values lead to smaller errors.
While ku affects the magnitude of the support angle, with
a value range of [0, 1/3]. Increasing ku also increases the
support angle.

Based on the above analysis, the parameters are selected
as: ke = kec = 30, ku = 1/3, ε = 0.001, α = 2, μ = 1 and
θs0 = 0.52. For tripod gait, T = 1, β = 0.5, b = 10, x(0) =
[0, 0, 0, 0, 0, 0]T and y(0) = [1,−1,−1, 1, 1,−1]T. For
tetrapod gait, T = 1, β = 0.667, b = 40, x(0) =
[0, 1, 0, 0, 1, 0]T and y(0) = [1, 0, −1, 1, 0,−1]T. Forwave
gait, T = 2, β = 0.833, b = 400, x(0) = [0, 0.95, 0.6,
0.6, 0.95, 0]T and y(0) = [1,−0.3, −0.8, 0.8, 0.3,−1]T.

Figures 9, 10 and 11 illustrate the CPGoutput and the joint
rotation angle associated with different gaits. In the tripod
gait, the sequence of leg movements is (1, 4, 5) → (2, 3, 6),

0 2 4 6 8 10
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1

y i

leg 1
leg 2
leg 3
leg 4
leg 5
leg 6

0 2 4 6 8 10
0

2

4

6

t[s]

q i
 [r

ad
]

Fig. 9 CPG output yi and the joint rotation angle qi with tripod gait
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Fig. 10 CPG output yi and the joint rotation angle qi with tetrapod gait

while in the tetrapod gait, it is (1, 4) → (5, 2) → (3, 6), and
in thewave gait, it follows the sequence 1 → 4 → 5 → 2 →
3 → 6. These sequences correspond to the phase of the CPG
output curve. Notably, the curves of the two groups of legs
in tripod gait coincide with a phase difference of T /2. The
curves of the three groups of legs in tetrapod gait coincide
with a phase difference of T /3, while the phases of each leg
in wave gait differ by T /6. These figures reveal that CPG can
generate periodic curves, with the frequencies of the support
and swing phases being adjusted independently.

Simulation 1: Directional straight motion Firstly, we
subjected the proposed CPG-Fuzzy controller to a test for
directional straight motion in Gazebo, setting both the initial
and desired heading angles of BLHR to 0 rad. The heading
angle curves of the CPG control method, CPG-Fuzzy control
method, and the closed-loop CPG-based control method pro-
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Fig. 11 CPG output yi and the joint rotation angle qi with wave gait

posed in [9] are presented inFig. 12.Notably, theCPGcontrol
method being open-loop, results in a continuous increase
in heading angle. In contrast, both the CPG-Fuzzy method
and the closed-loop CPG-basedmethod successfully achieve
directional straight motion. Within a 10 s span, the heading
angle changes by 0.026 rad with tripod gait, 0.04 rad with
tetrapod gait, and 0.08 rad with wave gait using the CPG-
Fuzzy control method.

The comparisons of heading error between these three
control methods are shown in Table 5. It is evident that the
CPG-Fuzzy control method yields the smallest error. In com-
parison to conventional CPG method, the proposed method
yields a substantial error reduction of 86% with tripod gait,
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Fig. 12 Heading angle variation curve with different gait: (a) tripod
gait; (b) tetrapod gait; (c) wave gait
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Table 5 Comparison of heading
error between three control
methods

Method
Gait

Tripod gait Tetrapod gait Wave gait

CPG 0.19 rad 0.41 rad 1 rad

CPG-Fuzzy 0.026 rad 0.04 rad 0.08 rad

closed-loop CPG-based 0.028 rad 0.1 rad 0.15 rad

90% with tetrapod gait, and 92% with wave gait. Notably,
the error under each gait is even smaller than that observed
in the closed-loop CPG method presented in [9]. This obser-
vation leads to the conclusion that the proposed CPG-Fuzzy
controller enables better performance.

Simulation2:Directional turningmotionSubsequently,
we configured the initial heading angle of BLHR to be 3.14
rad, with a desired heading angle of 2.74 rad, in order to
evaluate the directional turning capability of the CPG-Fuzzy
controller as proposed. The snapshots of BLHR’s directional
turningmotion, executedwith tripod gaits, within theGazebo
environment, are depicted in Fig. 13.

The rotation angle of each joint and its partial enlarged
view are displayed in Fig. 14. Initially, there is a disparity
between the heading angle of BLHR and the desired heading,
resulting in large support angles for the right legs. Over time,
these support angles progressively diminish until BLHR’s
heading aligns with the desired value. Subsequently, the sup-
port angles for both the left and right legs remain in close
proximity, adjusting within a small range centered around
θs0, ensuring that BLHR consistently maintains the desired
heading angle.

The heading angle variation is depicted in Fig. 15.
Employing the tripod gait, BLHR consistently fine-tunes its
heading in response to the real-time heading angle, ulti-
mately converging with the desired heading until 11.8 s.
Subsequently, throughout the remainder of the operation, the
heading angle remains steadfastly close to 2.74 rad, boasting
a minimal heading tracking error of just 0.025 rad.

In Fig. 16, the support angles are illustrated. It’s appar-
ent that θsr decreases from 0.87 rad to 0.52 rad, while θsl
increases from 0.17 rad to 0.52 rad, aligning with the fluc-
tuations observed in qi as shown in Fig. 14. Once BLHR

Fig. 13 The directional motion snapshots of BLHR with tripod gaits
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Fig. 14 The joint rotation angle of each leg
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Fig. 15 The heading angle of directional control
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Fig. 17 The heading angle of continuous turning
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Fig. 21 Heading angle variation curve with different gait: (a) tripod
gait; (b) tetrapod gait; (c) wave gait

achieves its desired heading, the support angles for the left
and right legs stabilize at approximately 0.52 rad, with fine-
tuning that maintains them within a constrained margin of
0.06 rad.

To further validate the effectiveness of the proposed
method, we have tested the situation of continuous turn-
ing motion. We initialized BLHR with a heading angle of
0 rad and introduced a time-varying desired heading angle as
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Table 6 Comparison of heading
error between three control
methods

Method
Gait

Tripod gait Tetrapod gait Wave gait

CPG 0.32 rad 0.12 rad 0.052 rad

CPG-Fuzzy 0.03 rad 0.02 rad 0.02 rad

closed-loop CPG-based 0.09 rad 0.03 rad 0.051 rad

follows:

ψd =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0, 0 < t ≤ 20
0.3, 20 < t ≤ 40
0.5, 40 < t ≤ 60
0.4, 60 < t ≤ 80
0.2, 80 < t ≤ 100
0, t > 100.

The heading angle of continuous turning of BLHR is
depicted in Fig. 17. Regardless of varying heading tar-
gets, BLHR consistently demonstrates rapid responsiveness,
reaching the desired heading angle. The corresponding head-
ing angle tracking error, denoted as eψ = ψ − ψd , is
illustrated in Fig. 18. It is evident that BLHR consistently
maintains its motion within an error margin of 0.02 rad after
achieving the desired heading. Additionally, the data reveals
that it takes approximately 4 s to reach the desired heading
angle when eψ = 0.3 rad, 3.3 s when eψ = 0.2 rad, and 1.6
s when eψ = 0.1 rad.

The attitude angles are illustrated in Fig. 19. Analysis of
the data reveals that the maximum roll angle is φmax = 0.04
rad, the average roll angle is φave = 0.0016 rad, the maxi-
mum pitch angle is θmax = 0.007 rad and the average pitch
angle is θave = 0.0006 rad. Considering the dimensions of
BLHR, the maximum longitudinal and lateral displacements
amount to 16.97 mm and 4.06 mm, respectively. In relation
to the BLHR’s body proportions, these deviations are minus-
cule, resulting in negligible effects on the BLHR’s stability.
The movement trajectory is visualized in Fig. 20. From each
curve segment in the trajectory, it is evident that the robot
quickly reaches the desired heading and maintains a fixed
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Fig. 22 The heading angle of directional control

heading motion. Thus, the BLHR achieves continuous turn-
ing motion.

4.2 Experiments

Subsequently, we assess the effectiveness of the proposed
method for BLHR by conducting experiments in an indoor
hallway.

Experiment 1: Directional straight motion To evalu-
ate the performance of the proposed CPG-Fuzzy controller
for directional straight motion, both the initial and desired
heading angles of BLHR were set to 0 rad. The variation
curves in heading angle with various gaits are represented in
Fig. 21. Comparisons of heading errors among the CPG con-
trolmethod, CPG-Fuzzy controlmethod, and the closed-loop
CPG-based control method presented in [9] can be found in
Table 6. The heading error trends for these different control
methods closely mimic those observed in the simulations.
The proposed method yields a substantial error reduction of
91% with tripod gait, 83% with tetrapod gait, and 62% with
wave gait comparedwith conventional CPGmethod. It is evi-
dent that the proposed CPG-Fuzzy controller delivers better
performance.

Experiment 2: Directional turning motion Similarly,
we introduced a 0.4 rad variation by setting the initial heading
angle of BLHR to 1 rad and the desired heading angle to
1.4 rad, assessing the directional turning functionality of the
proposed CPG-Fuzzy controller.

The variation curve of the heading angle is depicted in
Fig. 22. Employing the tripod gait, BLHRconsistently adapts
its heading, reaching the desired angle within 4.9 seconds.
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Fig. 23 The support angle θsi
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Fig. 24 Walking movement
snapshots of BLHR. (a)
Direction straight motion with
different gaits; (b) Direction
turning motion with tripod gait
(Video link: https://www.
youtube.com/watch?v=5kM-E-
TzCbA)

(a) (b)

Subsequently, throughout the remainder of the operation, the
heading angle remains consistently close to 1.4 rad, exhibit-
ing a minor heading tracking error of just 0.025 rad. This
signifies the successful achievement of heading control for
BLHR. Figure 23 displays the support angles. Notably, θsr
exhibits an increase from 0.24 rad to 0.52 rad, while θsl expe-
riences a decrease from 0.8 rad to 0.52 rad. This aligns with
the same change trend observed in the simulation for θsi .
The walking movement snapshots of BLHR in real-world
are depicted in Fig. 24.

5 Conclusion

In this paper, a heading control method for the directional
motion of the hexapod robot driven by arc-shaped blade
legs is proposed, employing the combination of CPG and
fuzzy controller. The CPG model of BLHR is constructed
using the modified Hopf oscillator and the CPG structure is
designed as an annular coupling network. The adjustment
coefficient of the support phase angle of legs is determined
using fuzzy controller according to heading error, so as to
adjustment the heading of BLHR in real-time. Through the
heading motion of BLHR using CPG-Fuzzy controller, the
errors of the three different gaits are smaller than the CPG
control method and closed-loop CPG-based control method
in Gazebo and real-world environments, which verifies the
feasibility and effectiveness of the proposed method. Future
research efforts will delve into path tracking control that
simultaneously considers speed and heading, building upon
the findings presented in this paper. Additionally, there will
be an investigation into validating the effectiveness of the
controller under more complex and challenging working
conditions.
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