ﬁ Sensors

Article

Motion Control of a Gecko-like Robot Based on a Central
Pattern Generator

Qing Han !, Feixiang Cao 2, Peng Yi ! and Tiancheng Li

check for

updates
Citation: Han, Q.;Cao, F,;Yi, P; Li, T.
Motion Control of a Gecko-like Robot
Based on a Central Pattern Generator.
Sensors 2021, 21, 6045. https://
doi.org/10.3390/521186045

Academic Editor: Biswanath Samanta

Received: 18 August 2021
Accepted: 4 September 2021
Published: 9 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3,4,%

School of Robot Engineering, Yangtze Normal University, Chongqing 408100, China;
hanging@mail.nwpu.edu.cn (Q.H.); 20130030@yznu.edu.cn (P.Y.)

School of Mechatronic, Northwestern Polytechnical University, Xi’an 710072, China;
caofeixiang@mail.nwpu.edu.cn

School of Automation, Northwestern Polytechnical University, Xi’an 710072, China
4 Air Institute, IoT Digital Innovation Hub, 47011 Valladolid, Spain

*  Correspondence: t.c.li@usal.es

Abstract: To solve the problem of the motion control of gecko-like robots in complex environments, a
central pattern generator (CPG) network model of motion control was designed. The CPG oscillation
model was first constructed using a sinusoidal function, resulting in stable rhythm control signals for
each joint of the gecko-like robot. Subsequently, the gecko-like robot successfully walked, crossed
obstacles and climbed steps in the vertical plane, based on stable rhythm control signals. Both
simulations and experiments validating the feasibility of the proposed CPG motion control model
are presented.
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1. Introduction

Geckos are known for their excellent ability to overcome obstacles, climb walls and
run on ceilings [1]. Gecko-like robots, which can move and work on a vertical wall,
are popular and used worldwide [2,3], and can be employed for various tasks, such
as antiterrorism activities, post-disaster rescue, engineering tests, and maintenance and
inspection in hazardous environments [4-7]; however, the locomotion control of gecko-like
robots is a challenging project, and the performance of gecko-like robots is still not good
enough to meet most requirements. This has attracted immense attention from academics
and corporate executives [8-11] around the world.

The motion control methods of a legged robot are usually based on its model, its
behavior, or the methods of its central pattern-generator [12-16]. The model-based method
is able to achieve high-precision motion in a known environment but leads to poor adapt-
ability in unknown environments. The behavior-based method offers good adaptability in
dynamic unknown environments but makes handling the complex task of global planning
difficult. The CPG-based method avoids the tedious modeling process of the model-based
control method. It can coordinate multiple degrees of freedom to generate multimodal
motion by adjusting a few parameters, and it offers good self-stability and adaptability.
Coordinated multi-degree-of-freedom (DOF) motion control based on CPG has many
advantages and has become an important topic in the field of bionic robot control, even
though multi-DOF robots are slow and consume large amounts of energy. It is crucial
to address the gait design of multi-DOF robots. The rhythmic movements of animals,
such as walking, running, swimming and flying, are implemented by the central pattern
generator [17]. Venkataraman, S.T. [18] developed a simple six-legged-robot locomotion
gait model by using CPG; Zhang, Z.G. et al. [19] designed a four-legged walking robot
using CPG in an unstructured environment; Kimura, H. et al. [20] achieved gait control for
a quadruped robot using CPG neuron flexor and extensor muscles; and Inagaki, S. et al. [21]
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built a mathematical model of CPG and exploited a hardware circuit to realize multiple
robot control using CPG. Moreover, [jspeert A.J. et al. [22,23] achieved newt-like robot
control based on the CPG method. By changing the oscillator frequency of each joint of the
robot’s trunk changed the body track from the standing wave of the crawling gait to the
traveling wave of the swimming mode, they designed two newt-like modes of motion, i.e.,
crawling on land and swimming in water. Antos et al. [24] established a CPG model using
layered thought to achieve quadruped robot control. Changing the coupling parameters
of the phase difference and duty cycle transformed the motion of the quadruped robot
from a crawling gait to a diagonal gait, and it was possible to switch smoothly between
the two. Fan, ]. Z. et al. [25] used a variable topology CPG network model with a feedback
mechanism to make a snake robot roll, crawl, and cross different obstacles. Donati, E.
et al. [26] described the preliminary results of a spiking implementation of the lamprey
Central Pattern Generator (CPG) using Neuromorphic VLSI devices. Arena P. et al. [27]
studied an autonomous, biologically inspired swimming robot based on the paradigm of
the Central Pattern Generator, which was capable of mimicking the undulatory swimming
of a sea lamprey. Stefanini, C. et al. [28] tested the CPG hypotheses and investigated
goal-directed locomotion by exploiting visual input from a vision system that processed
video streams. Ijspeert A]. et al. [29] studied a control architecture for controlling the
locomotion of an amphibious snake/lamprey robot capable of swimming and serpentine
locomotion using a lamprey-like central pattern generator mode.

Gecko-like robots have the distinct advantage of strong adaptability in unknown
dynamic environments. Therefore, for this study we designed the structure of a gecko-like
robot and planned its corresponding movement gait to produce movement in a complex
environment. The gecko-like robot in this study used 12 CPG oscillators to control four leg-
lifting joints, telescopic leg joints and electromagnetic suction cups. In order to coordinate
this multi-joint motion, it was necessary to construct a phase relationship between 12
oscillators and form an oscillation network. If 12 CPG oscillators were connected in parallel
at the same time, this would increase the complexity of the CPG network model and reduce
the expansion performance and universality of the network model. In this study, the phase
relationship between 12 CPG oscillators was divided into three stages. The first-stage phase
relationship consisted of four CPG oscillators with leg-lifting joints; the second-stage phase
relationship consisted of four CPG oscillators with telescopic leg joints; and the third-stage
phase relationship consisted of four CPG oscillators with electromagnetic suction cups.

In order to achieve good simulation results, some constraints, including fixed con-
straints, rotation constraints, ball hinge pair and spring constraints, adsorption force con-
straints and contact force constraints, needed to be imposed. Under these constraints, the
gaits adopted by the gecko-like robot, such as walking, turning motion, obstacle-crossing,
and step-climbing, were planned. The experimental system included steel plate 1, steel
plate 2, an obstacle and the robot. Steel plate 1 and steel plate 2 were made of ordinary
carbon steel with a width of 400 mm, and the inclination (¢) between the steel plate and
horizontal plane could be adjusted. Steel plate 2 and steel plate 1 were connected by bolts to
form a step with a height of 8 mm. The size of the obstacle was 12 mm x 12 mm x 220 mm.
The adsorption method was electromagnet adsorption, and the maximum adsorption force
of the electromagnet was 25 N. In simulations and experiments, the gecko-like robot
successfully achieved walking, obstacle-crossing, and step-climbing in the vertical plane,
based on the stable rhythm control signals. The simulations and experiments validated the
feasibility of the CPG motion control model.

In sum, this paper provides the following contributions:

(a) A central pattern generator (CPG) network model of motion control was designed,
and the CPG oscillation model was constructed using a sinusoidal function, so that the
stable rhythm control signals of each joint of the gecko-like robot could be generated.

(b) The gecko-like robot in this study used 12 CPG oscillators to control four leg-lifting
joints, telescopic leg joints and electromagnetic suction cups. By connecting 12 CPG
oscillators in parallel at the same time, it was possible to increase the complexity of the
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CPG network model and reduce the expansion performance and universality of the
network model. In this paper, the phase relationship between the 12 CPG oscillators
was divided into three stages. The first-stage phase relationship consisted of four
CPG oscillators with leg-lifting joints; the second-stage phase relationship consisted of
four CPG oscillators with telescopic leg joints; and the third-stage phase relationship
consisted of four CPG oscillators with electromagnetic suction cups.

(c) Control of the gecko-like robot was based on a sinusoidal oscillation model. The
oscillator produced stable and smooth sinusoidal control signals without external
feedback. When the oscillator received external feedback or a high-level decision-
making system regulation signal, it quickly adjusted the oscillation period, phase and
amplitude, and the biological characteristics of the CPG were simulated very well.

(d) A curve interpolation method was proposed to fit the angle time curve, in order to
achieve accurate control of the multi-channel steering gear without delay.

(e) The gecko-like robot successfully managed walking, obstacle-crossing, and step-
climbing in the vertical plane, based on the stable rhythm control signals, and our
simulations and experiments validated the feasibility of the CPG motion control
model. More importantly, the method proposed in this paper can be applied to other
bionic robots, such as multi-legged robots and the lamprey robot.

The remainder of the paper is organized as follows. Section 2 describes the structure
of the gecko-like robot. Section 3 presents the motion control of the gecko-like robot based
on CPG. The simulation and experiment results are given in Section 4. In Section 5, we
offer our conclusions.

2. Materials and Methods

The gecko-like robot was made of plexiglass with a symmetrical four-legged distri-
bution and a simple structure. Each leg had two active joints and one driven joint. The
active joint, driven by a steering engine, was a four-bar parallel structure, which improved
the rigidity and reliability of the robot. Adding an elastic damping link to the driven joint
helped to adjust the landing position of the robot over a small range so that the robot
had good ground adaptability. The robot had 10 driving joints, which drove the parallel
four-bar mechanism to achieve leg-lifting, leg-stretching, waist-bending and tail-stretching.
The mechanism of the gecko-like robot is shown in Figure 1, and the main parameters of
the gecko-like robot are shown in Table 1.

Table 1. Main parameters of the gecko-like robot.

Size 470 mm x 208 mm X 470 mm
Quality 421.5 g (not including the control part)
Swing range of lifting joint +25°
Extension and contraction range of leg joint +45°
Taper of leg driven joint 15°
Swing range of lumbar joint +90°

Swing range of tail joint +90°
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Figure 1. Mechanism of the gecko-like robot.

3. Motion Control Based on CPG

First, the CPG control method automatically generated stable rhythm signals in the
absence of high-level regulation and external feedback, but the high-level decision-making,
or feedback signals, also adjusted the output signals of the CPG, thus increasing the
adaptability of the gecko-like robot to known or unknown environments. Second, the CPG
generated a variety of control signals with different phase differences through phase self-
locking or interlocking; thus, multi-degree-of-freedom coordinated motion was achieved
under different motion modes and behavior conditions. Finally, the structure of the CPG
was simple and scalable, which facilitated the evolution of the complex motion behavior of
the gecko. Therefore, the use of CPG as the bottom motion controller of gecko-like robots is
of great significance; this is especially true when it is combined with the method proposed
in recent research [30].

Typical gaits adopted by quadruped robots include walking, jogging, walking and
running. When a gecko-like robot walks on a wall, the robot must keep more than two legs
in contact with the wall at the same time. Given the symmetrical structure of the gecko-like
robot, the trotting gait (diagonal) was chosen as the basic walking gait of the robot. When
the robot walked, the sensor detected discontinuous terrain such as obstacles or steps on
the wall. The robot’s senior decision-making level made a judgment and triggered the
gecko-like robot to switch to obstacle-crossing mode or step-crossing mode.

3.1. CPG Model

At present, a commonly used CPG oscillator model is the Matsuoka model discussed
by Lewis, et al. [17]. The CPG oscillator is established by simulating neurons, which are
composed of two neurons, corresponding to the control of flexor and extensor muscles of
animals. The outputs of the two neurons inhibit each other, and an external constant input
and feedback input are introduced. Therefore, the oscillator has some shortcomings, such
as its complex structure, the difficulty of setting its parameters and the complexity of its
dynamic characteristic analysis, and its expression is not intuitive in the macro-physical
sense. In our study, control of the gecko-like robot was based on a sinusoidal oscillation
model. The oscillator produced stable and smooth sinusoidal control signals without
external feedback. The CPG network was constituted by the interlock phase, which is
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shown in Figure 2 (meanings of signs: L—left, R—right; F—front, H—back, M—leg lifting,
N—telescopic legs, S—osculum, W—waist, and T—tail). Four oscillators acted on the
leg-lifting joint, four oscillators acted on the leg-expanding joint, four oscillators were
converted into square wave signals to control the sucker, and two oscillators acted on the
waist and tail of the robot. The variables on the joint line of the oscillators represent the
phase difference, and the arrow pointing to the joints indicates lagging in the phase.

5 ® high level -
J decision making -

_.'. AM’AN’AO’ As’Al)’Ko’Ks’ 5"
- KSJ ](M’ }L’¢i)¢s)TJF..‘-

Figure 2. Overall diagram of the CPG control system.

When the wall-climbing robot walked on a non-feedback plane, the swing trajectory
of the leg-lifting joint was half a sinusoidal period. The CPG oscillation model in half-wave
form is shown as Equation (1):

6(t) = max(Asin(27tt/T + ¢),0) 1)

For the robot controlled by electromagnetic chuck switching value, the designed
adsorption CPG oscillation model is shown as Equation (2):

F(t) = F(AINT(t/T)modT) @)

The mathematical expression of the CPG network model for the gecko-like robot with
12 CPG oscillators is depicted in Equation (3). The values of each parameter are given in
Table 2.

) ApAysin( + ;) + Ko Ag sin(Z10)) + Ks(As + KgAgsin(PU5) ) Ky =0
Mi = . . _ . _
l max(Apm sin(ZH + ¢;) + Ko Ag sm(%{)m)) + Ks(As + KSAssm(M)) ,0) Ky =1
Oni = Ansin(ZE + ¢; + on) ®)
£ | F(AINT((t+ %+ 5modT)) Ku=0
i 0 Ky=1
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Table 2. Definitions and values of the parameters of the CPG network.

Symbol Meaning Value of Simulation/Experiment
Ot joint angle of lifting leg
ONi joint angle of extension leg joint angle
F; adsorption capacity of foot
Am oscillation amplitude of lifting leg 10°
AN oscillating amplitude of telescopic leg 45°
0; delayed phase of each foot T
N phase difference of the telescopic leg joint relative to the lifting leg joint z
0s phase difference between sucker and retractable joint /2
T oscillation period 2s
T oscillation period of obstacle reflection 16s
to obstacle reflex generation moment 34s
ts moment of reflection generation of step surface walking 34s
At simultaneous adsorption time of feet 0.1s
F adsorbing force of suction cup 25N
Ao amplitude of reflection oscillation 15°
As walking angle of stepped surface 15°
Ap turning gait coefficient 0~1
Ko response switch of barrier gait Oorl
Ks response switch of step gait Oor1l
K oscillator switch of step gait Oorl
Km half/full wave selection switch Oorl
Kn adsorption selection switch Oorl
AINT rounding
mod mod
When the robot walks with a diagonal gait, Ko = 0, K = 0 and Ap =1, and
Equation (3) can be simplified as (4):
. (2t . 2m(t—tp) ’ . 2m(t—ts) _
0 ApAw sin(5F + ¢;) + KoAg sin(==—) + Kg(As + KgAgsin(==7—")) Ky=0
Mi = . . 2m(t—t . 2m(t—t
max(Ap sin(Z¢ + ¢;) + KoAg sm(%) + Ks(As + KéAssm(M)),O) Ky =1
Oni = AN Sil’l(zTrft + @i + (Pl\i)
£ | F(AINT((t+ % + 5 )modT)) Kgy=0
! 0 Kgy=1
6 = 1% Aysin(Z + ;) +0+0 Ky =0
! max(Ay sin(ZE + ¢;) +0+0 Ky =1
= {4 Oni = Ansin(F + ¢i + on) @
A
p | F(AINT((t+ %5+ 8modT)) Ky =0
! 0 Ky=1
6y = { M sin(ZH + ¢;) Ky =0
! max (A sin(Z2 + ¢;) Ky=1
= Oni = Ansin(3F + 9+ on)
p | F(AINT((t + % £ 5)modT)) Kg=0
! 0 Ky=1

When the robot moves with a turning gait, Ky = 0 and Kg = 0, and, using the above
method, Equation (3) can be simplified as (5):

0., — Am Sil‘l(ZT(f/T—F ¢; ) Kvy=0
Mi™ 1 max (A sin(27tt /T + ¢; ) ,0) Ky=1
Oni = ADAN Sin(Zﬂt/T + ¢ + (PN) 5)

B { F(AINT((t + ¢s/T + At) mod T)) Ky =0
F =
0 Ky=1
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3.2. Gait Planning

Gait planning is the planning of the trajectory of each joint according to the kinematic
and dynamic characteristics of the wall-climbing robot. This is very important for the
climbing robot, and two conditions are required. One is that the planned gait should
conform to the walking habits of quadrupeds, and the other is that the planned gait should
keep the robot walking stably on the wall.

The robot studied here was a gecko-like robot with movement based on the gait of
quadrupeds. The gait quadrupeds refers to the phase relationship of four legs in the process
of walking. It is mainly composed of a walking gait, a trotting gait, a galloping gait and a
bounding gait [31]. Each gait is optimal in some aspect, such as speed, stability or energy
consumption. The walking gait is a type of tripod supported gait, which offers the best
stability, but the speed is slow and energy consumption is high. The initial walking gait of
a quadruped animal is characterized by alternating, four-legged strides, and it involves at
least three legs landing on the ground. The trotting gait is a two-phase gait with moderate
speed and stability and low energy consumption, and it is the most common gait adopted
by quadruped animals. In the trotting gait, the left foreleg and right hind leg move in the
same phase, as do the right foreleg and left hind leg. The latter is known as the diagonal
gait. In the pacing gait, the two legs on the same side move in the same phase and opposite
legs move in separate phases. The pacing gait is usually used when the animal is anxious
or tired. In the running gait, the two front legs and the two hind legs move in the same
phase as each other, and legs on the same side as and diagonal to each other move in
separate phases. This gait creates fast movement, but energy consumption is high. It is
commonly adopted by animals running at a high speed. The small jump gait involves
four legs moving in the same phase, leaving the ground and landing at the same time.
The small jump gait generally occurs when animals are very excited, panicked or in other
abnormal states. Since the various gaits offer different characteristics for use in different
environments, robots need to switch gaits according to the situation in order to adapt to
different environments and requirements [32].

3.3. Simulation Environment

In order to achieve good simulation results, some constraints, including fixed con-
straints, rotation constraints, ball hinge pair and spring constraints, adsorption force
constraints and contact force constraints, needed to be imposed. In order to analyze the
characteristics of the robot crawling on the wall, the trunk and servo actuator of the wall-
climbing robot, as well as the components that needed to be connected by a fixed pair,
needed to be connected by the fixed pair. The wall, wall obstacles and wall steps were
established and were attached, using fixed constraints, to the geodetic coordinate system.
In order to achieve driving speed, the rotation pair in each rotation joint and the CPG
control function in the driven joint of the servo actuator were added. The ball joint pair
and spring constraints connected the robot’s feet to the electromagnetic sucker, so that the
robot had a good ability to adapt to the environment. The adsorption force was added to
the electromagnetic sucker, and the CPG function was used to control the adsorption force.
The contact force was a special kind of force acting on the component. The contact force
was produced when two components made contact with each other and deformed. The
contact force size was related to the size of the deformation and the sliding speed. The
crawling robot walking on the ground was simulated based on the friction between the
foot and the ground. Therefore, it was necessary to define how the contact between the
electromagnetic sucker and the supporting surface, as well as the friction force, would be
generated. The solid-to-solid contact form was selected, and the contact force between
the four feet and the ground was defined in the simulation. The relevant parameters and
descriptions are shown in Table 3.
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Table 3. Values of contact forces between robot suction cup and supporting surface.

Definition Values
Stiffness 1.0 x 10° N/mm
Force Exponent 2.2
Damping 10 Ns/mm
Penetration Depth 0.1 mm
Static Friction Coefficient 0.7
Static Frlct.10n Slip 0.3 mm/s
Velocity
Dynamic Friction Coefficient 0.1

Dynamic Friction

Transition Velocity 1mm/s

3.4. Rectilinear Motion

Regardless of the gecko-like robot’s feet skidding, the robot completed linear motion
in a diagonal gait, requiring the diagonal support foot to swing in the same direction while
reducing the swing in other directions. If foot 1 and foot 3 were in the support state, then
foot 2 and foot 4 would be in the suspended swing state, and the leg-lifting joint would be
in the static state. The diagonal gait linear motion analysis sketch of the gecko-like robot is
shown in Figure 3.

Figure 3. Analysis of the mechanism when the robot walked straight forward.

When the robot walks in a diagonal gait, Ko = 0, Ks = 0 and Ap = 1, Equation (3),
can be simplified as (4), adjusting T and Ay independently in Equation (4). The oscillation
period and amplitude of the central nervous system is changed rapidly and steadily,
and the walking speed and leg-lifting height of the robot could be adjusted. From the
various movements, such as rectilinear motion, turning motion, striding over obstacles and
climbing step, the robot’s straight walking gait was taken as an example. The basic motion
process was as follows:

1.  Inthe initial state, the four feet of the robot were in the adsorption state with the wall;

2. Robot feet 1 and 3 were adsorbed on the wall, while feet 2 and 4 were in the swing
state;

3.  Robot feet 2 and 4 lifted, and then swung forward. At the same time, legs 1 and 3,
in the supporting state, swung backward and drove the body of the robot to move
forward;

4.  Feet 2 and 4 of the robot dropped, and were then adsorbed on the wall. At this time,
the four feet were in the state of adsorption support;
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5. Feet 2 and 4 of the robot were adsorbed on the wall, and feet 1 and 3 were in the
swing state;

6. Feet1and 3 of the robot lifted, and then swung forward. At the same time, legs 2 and
4 in the supporting state swung backward, and then drove the body of the robot to
move forward;

7.  Feet 1 and 3 of robot dropped, and then feet 2 and 4 adsorbed with the wall. At this
time, all four robot feet were in the adsorption support state.

Gait simulation was carried out in the automatic dynamic analysis of the mechanical
systems (ADAMS) environment. The control signals of each foot are shown in Figure 4.
It can be seen from this Figure that the left forefoot was moved in the same phase as the
right hind foot, and the right front foot moved in the same phase as the left hind foot.
The ipsilateral forefoot and hindfoot phases differed by half a period. 6y, fn; and Fy; are
indicated by the red solid line, the blue dashed line and the purple dashed line, respectively.
The displacement curve of the robot’s center of mass on the X, Y and Z axes is shown in
Figure 5. The displacements in the X, Y and Z directions are indicated by the red solid
line, the blue dashed line and the purple dashed line, respectively. It can be seen from the
Figure that the displacement in the Z direction was the largest, because the robot moved in
a vertical direction. The displacement in the Y direction was zero, because there was no
motion in the Y direction, and the displacement in the X direction was almost zero, because
there was also no motion in the X direction. The very small displacement change in the X
direction was due to a motion error caused by slipping and other factors. The diagonal
gait adopted in straight walking is shown in Figure 6. It can be seen from the Figure that a
better movement effect was achieved by the planned gait.

3.5. Turning Motion

In straight walking, the angles of the diagonal legs are equal, while, in the turning
process, the final turn occurs through the speed difference between the diagonal legs. There
is a big difference between them, and control over the turning motion is complicated. There
were two main differences between the robot’s turning gait and its straight-line gait. On
the one hand, the swing angle of the robot’s diagonal telescopic leg joint is not consistent
when turning. On the other hand, the turning radius of the robot’s quadruped is not equal,
so the distance between the robot’s turning trajectory and the planned center of the circle is
always the same when planning the trajectory of the telescopic foot joint.

When the robot moves according to the turning gait, Ky = 0 and Ks = 0, and
Equation (3) can be simplified as (5). By adjusting Ap independently in Equation (5), the
robot was able to turn and walk.

Gait simulation was also carried out in the automatic dynamic analysis of mechanical
systems (ADAMS) environment. The control signals for each foot are shown in Figure 7,
among them, Ap; = A3/ A1 = 0.8, Apy = As/ Ay = 0.65. It can be seen from the Figure
that the robot moved according to the corresponding gait. The displacement curve of the
center of mass of the robot on the X, Y and Z axes is shown in Figure 8. It can be seen from
the Figure that the displacement in the X and Z directions changed with time, because the
robot moved in the X and Z planes. The displacement in the Y direction was zero, because
there was no motion in the Y direction. The effect picture of the robot walking with a
turning gait is shown in Figure 9. It can be seen from the Figure that a better movement
effect was achieved according to the planned gait. Due to friction and other factors, there
was a relative slip between the electromagnetic sucker and the wall, and the maximum
deviation between the trajectory of the mass center and the theoretical planning trajectory,
that is, a circle with a diameter of 1400 mm is 13.3 mm.
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Figure 9. Turning movement of the robot using a diagonal gait in ADAMS in different moments.

3.6. Striding over Obstacles

When the robot walked on the plane at a normal rhythm, the oscillation amplitude of
the leg-lifting joint was small, which was beneficial for reducing energy consumption and
increasing the adsorption stability of the robot. When obstacles are detected in front of the
robot, the obstacle gait response switch (Ko = 1) can be triggered, and Equation (3) can be
simplified as follows:
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By = { Am sin(z—gt + ¢i) + Ko Ao sin(%o_t())) Ky =0
max(Ap sin(ZE + ¢;) + Ko A sin(%;t(’)),O) Ky =1
Oni = Ansin(F + ¢; + on) ©)
£ — | F(AINT((t+ s 4 4)modT)) I;H = 01
o=

The control signal for the robot striding over the obstacle is shown in Figure 10. In
the period of 0-3.4 s, the robot walked with a diagonal gait rhythm; the response switch
(Ko = 1) of the barrier-crossing gait was triggered by a high-level decision-making system
when t = 3.4 s. The robot strode over the obstacle by increasing the swing of its left front leg,
which then rapidly fell to the ground. At the same time, the right front leg and other legs
strode over obstacles in the same way. After crossing the obstacles, the robot replaced the
barrier-crossing gait and walked with a diagonal gait. The displacement curve of the center
of mass of the robot on the X, Y and Z axes is shown in Figure 11. It can be seen from the
Figure that the displacement in the Z direction was the largest, because the robot moved in
a vertical direction, and the displacement in the X direction was zero, because there was no
motion in the X direction. The very small displacement change in the Y direction was due
to a motion error caused by slipping and other factors. The effect picture of the robot, t,
striding over obstacles is shown in Figure 12. It can be seen from the Figure that a better
movement effect was achieved according to the planned gait.
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(b) Control signal of the right front leg.

Figure 10. Cont.
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Figure 11. Centroid displacement curve for crossing over obstacles.

3.7. Climbing Step

The climbing step is based on linear motion. The robot adapted to the step by adjusting
the front and rear foot joint to increase or decrease the rhythmic oscillation offset. The foot
on the step took the positive offset, while the foot under the step stayed the same or took
the negative offset. Equation (3) can be simplified as follows:

o A sin(ZE + ¢;) + Ks(As + Ky Agsin(22-ts))) Ky=0
M max(Aysin( 2 + ¢1) + Ks(As + Ky Agsin( 280y 0) Ku =1
Oni = Ansin(3F + ; + on) )
4
F = F(AINT((t+ =2 + 4/)modT)) Kg=0

0
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The control signals for each foot when the robot climbed the step surface are given in
Figure 13. In the period of 0—4 s, the robot walked with a diagonal gait rhythm; the response
switch (Ks) of the climbing step gait was triggered by a high-level decision-making system
when t = 4 s. The robot strode up the step and maintained the offset value corresponding
to the step height by increasing the swing (Ag) of its right front leg. At the same time, the
left front leg of the robot strode up the step in the same way; after stepping up the step,
the robot stopped adopting the step gait by crossing the obstacle and walked with the
original diagonal gait until the back foot strode up the step and restored the offset value to
zero. The displacement curve of the center of mass of the robot on the X, Y and Z axes is
shown in Figure 14. It can be seen from the Figure that the displacement in the Z direction
was the largest, because the robot moved in a vertical direction, and the displacement in
the X direction was zero, because there was no motion in the X direction. The very small
displacement change in the Y direction was due to a motion error caused by slipping and
other factors. The effect picture of the robot, t, striding over obstacles is shown in Figure 15.
It can be seen from the Figure that the robot successfully climbed the step according to the
planned gait.

(d) t=ts (e) t=ts (f) t=ts

Figure 12. Movement of the robot using diagonal gait when crossing obstacle in ADAMS in different
moments.
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Figure 13. Robot leg control signals for the diagonal gait with the climbing step.
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Figure 14. Centroid displacement curve of climbing step.
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Figure 15. Movement of the robot using diagonal gait when climbing step in ADAMS in different
moments.

4. Experimental Study
4.1. Experimental Conditions

The experimental system, shown in Figure 16, included steel plate 1, steel plate 2, an
obstacle and the robot. Steel plate 1 and steel plate 2 were made of ordinary carbon steel
with a width of 400 mm, and the inclination () between the steel plate and the horizontal
plane could be adjusted. Steel plate 2 and steel plate 1 were connected by bolts to form a
step with a height of 8 mm. The size of the obstacle was 12 mm x 12 mm x 220 mm. The
adsorption method was electromagnet adsorption, and the maximum adsorption force of
the electromagnet was 25 N.
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obstacle
steel plate 1
bolt
step
steel plate 2

gecko-like robot

Figure 16. Experimental environment.

4.2. Experimental Results

Figure 17 shows the experimental results for the walking speed of the robot under
the different CPG parameters. The speed curve was obtained by quadratic interpolation.
The discontinuous growth of the speed value was mainly caused by the slip of the robot’s
electromagnetic foot and the consequent measurement error, in which T is the oscillation
period and 6 is the slope gradient. It can be seen from the Figure that the time period was
fixed, the walking speed of the robot decreased along with the increase in slope gradient,
and the longer the oscillation period, the faster the robot walked.

T=1s
T=2s
T=3s
T=4s
T=6s

70 -
65 -
60 -
55 -
50 -
45 -
40 -

4 p e

y(mm/s)

30
25
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10 * @ ® & P

0'15I30 45 60‘75l90

6 (deg)

Figure 17. The influence of the oscillation period and slope gradient on the walking speed of the
robot.

Figure 18 shows the comparison curve of the ideal path, the simulation path and
experimental path without slips when t equals two seconds and 6 equals 90°. The ideal
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path, simulation path, experimental path and offset in the x direction are indicated by the
black solid line with squares, the red line with dots, the blue line with arrows and the
pink line with downward arrows, respectively. It can be seen from the Figure that the
ideal path and simulation path were linear with time, and there was a certain deviation
between them. Due to the influence of the slip and other factors, the deviation between
the experimental path and the simulation path was larger, especially for crossing obstacles,
where the deviation changed greatly, but this did not affect the actual experimental effect.
In 12 s and 36 s, the robot crossed the steps or obstacles by increasing the swing of the
leg-lifting joint. At this time, the electromagnetic chuck and the steel plate formed a certain
angle, resulting in a decrease in the magnetic induction intensity, a fluctuation in the
adsorption force and the relatively large slip of the robot.

700
650
600 7 A

—a— ideal path

—e— simulation path
—a— actual path

—vy— offset in x direction

0 4 8 12 16 20 24 28 32 36 40
t(s)

Figure 18. Comparison of the ideal path, the planned path and the actual path.

Video screenshots of the gecko-like robot walking in plane, climbing steps and crossing
obstacles are shown in Figure 19. In the actual experimental environment, by changing
the experimental method and constantly optimizing various parameters, the experimental
effect was improved. After many experiments, the gecko-like robot steadily walked,
climbed steps and crossed obstacles in the vertical plane.

4.3. Experimental Analysis

According to the experimental results, the forward speed of the gecko-like robot
decreased with the increasing oscillation period and decreased as slopes increased. The
robot demonstrated a better climbing effect and environmental adaptability when the
oscillation period was 1-6 s. When the slope was 90°, the maximum climbing speed was
38 mm/s. In the experiment, the adsorption time of the electromagnet was controlled
by the current on/off method. Due to the remanence and slip of the electromagnet, the
adsorption and release of the electromagnet lagged behind the on-off time of the current,
so the oscillation period T could not be too short. Additionally, the walking line of the robot
slightly deviated from the predetermined track due to the manufacturing accuracy, slip and
deviation of gravity of the robot, and the largest offset was 31 mm. If the robot structure is
further optimized and flexible bionic feet are installed in a later stage, the adsorption effect
can be improved, the slip can be reduced, and the robot will have better adaptability to
complex environments.
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Figure 19. Video screenshot of the robot walking in a 90° complex environment in different moments.

5. Conclusions

In this study, a motion control network model based on a central neural pattern gener-
ator was designed for the motion control of a gecko-like robot in a complex environment.
The gecko-like robot achieved a stable walking rhythm in a diagonal gait using CPG.
Furthermore, we designed the CPG network model to help the robot cross obstacles and
climb steps. The feasibility and validity of the CPG motion control model were verified by
ADAMS in simulations and experiments. Because the coupling relationship and the output
signal of the CPG network can be adjusted quickly and stably, this method is universally
applicable to the motion control of common quadruped robots and multilegged robots.

The simulation environment we used, which is not included with the perceptual
system and advanced decision system, is relatively simple. Therefore, the switching time
between gait triggers is preset through the program. To substantially increase the robot’s
adaptability to the environment and to achieve steady climbing and walking in complex
terrains and in dynamic environments, future work will include developing obfuscation
and senior decision-making. It is also our aim to incorporate the robot control and multi-
target tracking tasks in future research [33,34].

Author Contributions: Conceptualization, Q.H. and F.C.; methodology, Q.H., EC., PY. and T.L,;
software, F.C. and PY.; validation, Q.H. and F.C.; formal analysis, Q.H., EC., PY. and T.L.; inves-
tigation, Q.H., EC., PY. and T.L.; resources, Q.H. and E.C.; data curation, Q.H., EC., P.Y. and T.L.;
writing—original draft preparation, Q.H. and T.L.; writing—review and editing, Q.H., EC., PY. and
T.L.; visualization, Q.H., EC. and P.Y;; supervision, Q.H. and T.L. All authors have read and agreed to
the published version of the manuscript.



Sensors 2021, 21, 6045 22 of 23

Funding: This research was funded by the National Natural Science Foundation of China, (No.
52004034, 61801175, 62071389) and the General Program of Yunnan (No. 2017FH001-064).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Collins, S.; Ruina, A.; Tedrake, R.; Wisse, M. Effcient bipedal robots based on passive-dynamic walkers. Science 2005, 307,
1082-1085. [CrossRef]

2. Dickinson, M.H,; Farley, C.T; Full, R J.; Koehl, M.A R.; Kram, R.; Lehman, S. How animals move: An integrative view. Science
2000, 288, 100-106. [CrossRef] [PubMed]

3. Asbeck, A.T,; Kim, S.; Cutkosky, M.R.; Provancher, W.R.; Lanzetta, M. Scaling hard vertical surfaces with compliant microspine
arrays. Int. J. Robot. Res. 2006, 25, 1165-1179. [CrossRef]

4. Pullin, A.O.; Kohut, N.J.; Zarrouk, D.; Fearing, R.S. Dynamic turning of 13 cm robot comparing tail and differential drive. In
Proceedings of the 2012 IEEE International Conference on Robotics and Automation, St Paul, MN, USA, 14-19 May 2012; IEEE: St.
Paul, MN, USA, 2012; Volume 20, pp. 5086-5093.

5. Wang, W.; Wang, K.; Zhang, H. Crawling gait realization of the mini-modular climbing caterpillar robot. Prog. Nat. Sci. 2009, 19,
1821-1829. [CrossRef]

6. Hoover, AM.,; Burden, S.X.; Fu, Y.; Sastry, S.S. Bioinspired design and dynamic maneuverability of a minimally actuated
six-legged robot. In Proceedings of the 2010 3rd IEEE RAS & EMBS International Conference on Biomedical Robotics and
Biomechatronics, Tokyo, Japan, 2629 September 2010; IEEE: Tokyo, Japan, 2010; Volume 28, pp. 869-876.

7.  Lynch, G.A; Rome, L.; Koditschek, D.E. Sprawl angle in simplified models of vertical climbing: Implications for robots and
roaches. Appl. Bionics Biomech. 2011, 8, 441-452. [CrossRef]

8. Wang, W,; Li, X;; Wu, S.; Zhu, P.; Zhao, F. Effects of Pendular Waist on Gecko’s Climbing: Dynamic Gait, Analytical Model and
Bio-inspired Robot. J. Bionic. Eng. 2017, 14, 191-201. [CrossRef]

9. Yu,ZW, Shi, Y; Xie, ].X,; Yang, S.X.; Dai, Z.D. Design and analysis of a bionic adhesive foot for gecko robot climbing the ceiling.
Int. J. Robot. Autom. 2018, 33, 445-454. [CrossRef]

10. Yu, Z;Yang, B.; Yang, S.X,; Dai, Z. Vertical climbing locomotion of a new gecko robot using dry adhesive material. Int. ]. Robot.
Autom. 2017, 32, 425-431. [CrossRef]

11. Li, X;; Wang, W.; Wu, S.; Zhu, P; Zhao, F.; Wang, L. The Gait Design and Trajectory Planning of a Gecko-Inspired Climbing Robot.
Appl. Bionics Biomech. 2018, 22, 1-13. [CrossRef]

12. Mao, L.; Gao, E; Tian, Y.; Zhao, Y. Novel method for preventing shin-collisions in six-legged robots by utilising a robot—terrain
interference model. Mech. Mach. Theory 2020, 151, 103897. [CrossRef]

13.  Kimura, H.; Fukuoka, Y.; Cohen, A.H. Adaptive dynamic walking of a quadruped robot on natural ground based on biological
concepts. Int. . Robot. Res. 2007, 26, 475-490. [CrossRef]

14. Delcomyn, F. Neural basis of rhythmic behavior in animals. Science 1980, 210, 492—498. [CrossRef]

15.  Tunc, L.T.; Shaw, J. Experimental study on investigation of dynamics of hexapod robot for mobile machining. Int. J. Adv. Manuf.
Technol. 2016, 84, 817-830. [CrossRef]

16. Shi, R.D.; Zhang, X.L.; Yao, Y.N. Multi-mode motion control method of desert spider robot based on CPG. Robot 2018, 40, 146-157.

17.  Lewis, M.A,; Tenore, F.; Etienne, C.R. CPG design using inhibitory networks. In Proceedings of the IEEE International Conference
on Robotics and Automation, Barcelona, Spain, 18-22 April 2005; IEEE: Barcelona, Spain, 2005; pp. 3682-3687.

18. Venkataraman, S.T. A simple legged locomotion gait model. Robot. Auton. Syst. 1997, 22, 75-85. [CrossRef]

19. Zhang, Z.G.; Fukuoka, Y,; Kimura, H. Adaptive running of a Quadruped Robot using delayed feedback control. In Proceedings
of the 2005 IEEE International Conference on Robotics and Automation, Barcelona, Spain, 18-22 April 2005.

20. Kimura, H.; Fukuoka, Y. Biologically inspired adaptive dynamic walking in outdoor environment using a self-contained
quadruped robot tekken. In Proceedings of the International Conference on Intelligent Robots and Systems, Sendai, Japan, 28
September—2 October 2004; pp. 986-992.

21. Inagaki, S.; Yuasa, H.; Arai, T. CPG model for autonomous decentralized multi-legged robot system generation and transition of
oscillation patterns and dynamics of oscillators. Robot. Auton. Syst. 2003, 44, 171-179. [CrossRef]

22. Ijspeert, A.]. Central pattern generators for locomotion control in animals and robots: A review. Neural Netw. 2008, 21, 642-653.
[CrossRef]

23. Ijspeert, A.].; Crespi, A.; Ryczko, D.; Cabelguen, ]. M. From swimming to walking with a salamander robot driven by a spinal cord
model. Science 2007, 315, 1416-1420. [CrossRef]

24. Santos, C.P; Matos, V. Gait transition and modulation in a quadruped robot: A brainstem-like modulation approach. Robot.

Auton. Syst. 2011, 59, 620-634. [CrossRef]


http://doi.org/10.1126/science.1107799
http://doi.org/10.1126/science.288.5463.100
http://www.ncbi.nlm.nih.gov/pubmed/10753108
http://doi.org/10.1177/0278364906072511
http://doi.org/10.1016/j.pnsc.2009.07.009
http://doi.org/10.1155/2011/623976
http://doi.org/10.1016/S1672-6529(16)60390-6
http://doi.org/10.2316/Journal.206.2018.4.206-5412
http://doi.org/10.2316/Journal.206.2017.4.206-5054
http://doi.org/10.1155/2018/2648502
http://doi.org/10.1016/j.mechmachtheory.2020.103897
http://doi.org/10.1177/0278364907078089
http://doi.org/10.1126/science.7423199
http://doi.org/10.1007/s00170-015-7600-6
http://doi.org/10.1016/S0921-8890(97)00018-3
http://doi.org/10.1016/S0921-8890(03)00067-8
http://doi.org/10.1016/j.neunet.2008.03.014
http://doi.org/10.1126/science.1138353
http://doi.org/10.1016/j.robot.2011.05.003

Sensors 2021, 21, 6045 23 of 23

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

Fan, ].Z.; Zhang, Y.; Jin, H.; Wang, X.; Bie, D.; Zhao, ]J.; Zhu, Y. Chaotic CPG based locomotion control for modular self-
reconfigurable robot. J. Bionic Eng. 2016, 13, 30-38. [CrossRef]

Donati, E.; Indiveri, G.; Stefanini, C. A novel spiking CPG-based implementation system to control a lamprey robot. In Proceedings
of the IEEE International Conference on Biomedical Robotics & Biomechatronics, Singapore, 26-29 June 2016.

Ijspeert, A.J.; Crespi, A. Online trajectory generation in an amphibious snake robot using a lamprey-like central pattern generator
model. In Proceedings of the IEEE International Conference on Robotics & Automation, Rome, Italy, 10-14 April 2007; pp.
262-268.

Stefanini, C.; Romano, D. Towards animal phenotype transfer into biomimetic robots: The LAMPETRA project. In Proceedings of
the 2021 Conference on Artificial Life, Virtual, 19-23 July 2021.

Arena, P; Fortuna, L.; Frasca, M.; Vagliasindi, G. A wave-based CNN generator for the control and actuation of a lamprey-like
robot. Int. |. Bifurc. Chaos Appl. Sci. Eng. 2006, 16, 39-46. [CrossRef]

Romano, D.; Benelli, G.; Kavallieratos, N.G.; Athanassiou, C.G.; Canale, A.; Stefanini, C. Beetle-robot hybrid interaction: Sex,
lateralization and mating experience modulate behavioural responses to robotic cues in the larger grain borer Prostephanus
truncatus (Horn). Biol. Cybern. 2020, 114, 473-483. [CrossRef]

Guo, P.E. Research on Diagonal Gait Stability and Control Technology of Quadruped Robot; Beijing University of Technology: Beijing,
China, 2016.

Zhang, S.S. Study on Walking Method of Quadruped Robot in Complex Terrain Environment; Shandong University: Jinan, China, 2016.
Li, T.; Wang, X.; Liang, Y.; Pan, Q. On arithmetic average fusion and its application for distributed multi-Bernoulli multitarget
tracking. IEEE Trans. Signal Process. 2020, 68, 2883-2896. [CrossRef]

Da, K,; Li, T.; Zhu, Y.; Fan, H.; Fu, Q. Recent advances in multisensor multitarget tracking using random finite set. Front. Inf.
Technol. Electron. Eng. 2021, 22, 5-24. [CrossRef]


http://doi.org/10.1016/S1672-6529(14)60157-8
http://doi.org/10.1142/S0218127406014563
http://doi.org/10.1007/s00422-020-00839-5
http://doi.org/10.1109/TSP.2020.2985643
http://doi.org/10.1631/FITEE.2000266

	Introduction 
	Materials and Methods 
	Motion Control Based on CPG 
	CPG Model 
	Gait Planning 
	Simulation Environment 
	Rectilinear Motion 
	Turning Motion 
	Striding over Obstacles 
	Climbing Step 

	Experimental Study 
	Experimental Conditions 
	Experimental Results 
	Experimental Analysis 

	Conclusions 
	References

