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Abstract

CPG-based Locomotion Control of a Snake-like Robot
by

Norzalilah Binti Mohamad Nor
Doctor of Philosophy in Department of Robotics

Ritsumeikan University, Biwako-Kusatsu Campus
Professor Shugen MA, Chair

Due to advantages of a natural snake, researchers have designed many control architectures
to implement the unique movements into snake-like robots. In this study, we propose a novel
control structure for a snake-like robot based on central pattern generator (CPG), which is
inspired by a control mechanism in animal bodies. Based on the phase oscillator dynamical
system, a simple network structure of coupled nonlinear oscillators or neural networks has
been designed to produce rhythmic patterns. These rhythmic motions can be used to
control the serpentine locomotion of a snake-like robot by manipulating control parameters
of the phase oscillator model. Using the simplified CPG network, the locomotion pattern like
forward movement, backward movement or alternating number of the S-shape is achievable.
Feedback connections between oscillators and stability analysis for phase synchronization
of the CPG network have also been analyzed. The proposed CPG network has a simple
structure with less complexity, less mathematical computation, fast convergence speed and
exhibits limit cycle behavior. Another uniqueness of our proposed control method is an
easier parameter control based on only one parameter. With this parameter, all of the said

movements can be realized in a snake-like robot.

Further analysis has been conducted for body shape control of a snake-like robot. The
feature of body shape control is useful for adapting in various width of space such as tunnel,
pipe and trench. This feature can be realized by modifying one of the CPG parameters. The

control parameter, however, cannot be adjusted during the locomotion, because it results



in unstable movements of the snake-like robot. To overcome this issue, we have introduced
an activation function so-called linear bipolar, which was developed from the relationship
between the CPG parameter and the body shape control parameters. By adopting the
activation function into the CPG model, online parameter modification can be achieved
without resulting any discontinuous CPG output. Simulation and experiment results and
torque analysis confirmed the effectiveness of incorporating the activation function into the
CPG model. Another contribution of this thesis is a turning control of a snake-like robot,
for obstacle avoidance, which is more general and can be implemented for any kinds of

snake-like robot’s design.

For a snake-like robot to maintain its direction while moving in the hallway with different
space width, we propose a straight-path control strategy of a snake-like robot based on our
CPG model. Even though maintaining the straight locomotion of a snake-like robot can
be realized by the control architecture like sine-based, model-based or other, a problem
occurs when one or more of the control parameters are modified online, results in deviation
of the trajectory of the snake-like robot from its initial path. This is not desirable when
we need the snake-like robot to move in a hallway with different space width, where online
modification of parameter is required to change its body shape. The proposed simple control
strategy of the straight-path locomotion can keep its locomotion direction while the robot
moves in a various width of the space. Computer simulation and experiment verified its

validity and effectiveness.
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Chapter 1

Research Background

Research in bio-inspired mobile robots has become attraction to many researchers due to
their potential ability to replace human operations for searching, navigating and rescuing in
hazardous environments such as natural disasters, explosions, mining and radiation areas.
Several types of bio-inspired robots that have been widely developed are legged robot,

wheeled robot, limbless robot, wall climbing robot and amphibious robot.

Each of the mobile robot has their own advantages and disadvantages depending on
the situations in which it operates. For example, legged robot offers high maneuverability
for obstacle avoidance in [14] [15] [13] which is very useful in unstructured environments.
However, their stability control is complicated so they usually uses many motors to control
the actuated joints. For searching purposes after a disaster or in a collapse building, some
of the spaces are too small to be reached by human which will delay the rescuing of victims.
Thus, mobile robots operations are highly demanded for fast action with ability to move in

various space width such as in tunnel and pipe.

Motivated by the earthquake and tsunami that occurred in Japan on 11 March 2011,
followed by the leaking of the nuclear power plant [16], leads to the necessity to develop
mobile robots to navigate into the radiated area for detection and inspection. This helps
to reduce human involvement and exposure to the radiation which harms the cells of the

body and consequently causing sickness or even death.



Therefore, to overcome all of the above mentioned issues, high mobilities and advance
controls of mobile robots are required. One of the biggest challenge is the control of the
mobile robots. Simple control is preferable which promises a light computational cost, easy
implementation, simple and understandable by human operators who may be not familiar
with the robot’s control system. Another interesting aspect of robot’s control is its self-
adaptive capabilities to the environment. This autonomous control requires interaction
between the actuators and with the helps of sensors. The control approach is strongly
depending on the mechanism and type of the mobile robots. Many researchers have designed
various control architectures for achieving versatile locomotion of the mobile robots and the

research is still ongoing.

In this thesis, locomotion control of a snake-like robot is studied due to its advantages
over other types of mobile robots in term of their stability and traverse ability. Moreover,
the unique locomotion of a biological snake in sneaking into a narrow space, brings great
interest in mimicking it into a snake-like robot, which is useful for rescuing and searching

tasks.

1.1 Biological Snakes

Snakes are one of the amazing creatures with its unique locomotion and body features in
their lack of legs. Many researches have analyzed deeply concerning its anatomy including its
mechanical interconnection, skeletal structure, skin, and scales [1] [17] [2]. By understanding

the nature of the snakes, it helps to relevantly model, design and control a snake-like robot.

1.1.1 The Anatomy of Snakes

Skeletal structure of a snake is shown in Fig. 1.1 (a). The body shape of a snake
is changed with the help of muscles that are arranged diagonally along each side of the
snake [1]. The type of locomotion performed by the snake is determined by the contraction

and relaxation of these muscles. For example, the body of the snake will bend if muscles on



one side of the snake are contracted at the same time as the equivalent muscles on the other
side are relaxed. On the other hand, if the opposite sets of the muscles are simultaneously

contracted or relaxed, then the body of the snake will be shortened or extended.

(b)

Figure 1.1. Anatomy of a snake: (a) skeleton, and (b) scales [1].

Studies of biological snakes have indicated that friction generated by the scales and
redistribution of their weight are important for the forward gliding motion [1] [18]. These
scales (Fig. 1.1 (b)) completely cover the skin of a snake and integrated with the skin. The
areas of skin between the scales allow the snake to flex its body while maintaining a smooth
coverage of the scales. Another important purpose of the scales is to protect the skin from
wear and tear when the snake moves on rough surfaces. To realize the forward gliding
motion, the scales provide anisotropic ground friction, that is, the scales give the snake a
larger friction coefficient in the transversal direction than in the tangential direction of the
snake body. Thus, in general, propulsion on the ground relies critically on the frictional

anisotropy of the snake scales.

1.1.2 Locomotion of Biological Snakes

Locomotion of snakes can be classified into four categories namely serpentine, sidewind-
ing, rectilinear, and concertina. The typical locomotion of snakes is the serpentine locomo-
tion, which can be described as S-shape movement. These four unique modes are used for
terrestrial locomotion and the selection of the locomotion modes a snake will use depends

on several factors such as type of surface its travel and its speed.
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Figure 1.2. Four basic movements of snake.

Concertina locomotion utilizes stationary body parts as anchors to push or pull the
remaining body forward. It involves alternately pulling up the body into bends and then
straightening out the body forward from the bends. The front part of the body then
comes to rest on the surface and the back part of the body is pulled up into bends again,
and so forth. Static friction is critical to concertina locomotion because it is used as the
reaction force for forward movement [19]. To keep on moving, the muscular-induced forces
cannot exceed the static friction force. Thus, neuromuscular control is critical to concertina
locomotion. Concertina locomotion is suitable in narrow passages such as crawling through
tunnels, pipes or trench. It can also be used for climbing. However, concertina locomotion
is difficult to be realized and is not suitable for snakes that are short and stout. The motion

pattern is not very efficient in terms of energy consumption [19].

Lateral or serpentine undulation is the most common locomotion of snakes. This kind of
locomotion mode is employed by various terrestrial species of snakes and usually used with

the combination of other modes of locomotion. Early studies suggested that progression by



lateral undulation is most stable with at least three contact points [20]. However, recent
studies have shown that this locomotion mode can also work with one or more contact
points. The body of the snake have a higher tendency to slip sideways when there is just
a single contact point. The snake will shift to a different mode of locomotion if it cannot
find one or more stable contact points. In lateral undulation, the muscles are activated
sequentially and continuous wave are propagated backwards along the body from head to
tail. The muscles are active unilaterally in each bend, from the convex part of a bend
forward to the straight or concave part of the bend. This form of locomotion is not suitable
on slippery surfaces because to push the snake forward, the wave motion helps the side of

the snake body to push against irregularities on the surface.

Sidewinding is employed for moving over flat, smooth or slippery surfaces. This form
of locomotion can be employed on various surfaces regardless lesser or greater the frictional
resistance. The motion resembles the lateral undulation in term of the bending pattern,
but differs in the direction of motion. The snake travels roughly diagonally relative to
the the track it forms on the ground. Sidewinding motion involves lifting the snake head
off the ground and moving the anterior body forward, placing each point along the body
in static friction with the substrate. The utilization of muscle activity is similar to the
lateral undulation except that some muscles are active bilaterally in the regions of trunk
lifting. Support of the snake mass can be transferred to its body segments that progressively
contact the substrate during the sidewinding locomotion. Studies have confirmed that
sidewinding is mechanically proficient and efficient in term of energy consumption. This
form of locomotion is probably suitable to all midsized snakes and can form a characteristic

track on sandy terrain.

Another common mode of snake locomotion is the rectilinear locomotion. Rectilinear
locomotion refers to a straight line movement, with comparatively slow forward speed.
The muscle activity is bilaterally symmetric, unlike the lateral undulation and sidewinding,
which involve unilateral muscle activity that alternates from one side of the body to the

other. The belly scales are alternately lifted slightly from the ground and pulled forward,



and then pulled downward and backward. The cycle repeats when the body has moved
forward sufficiently to stretch the scales. This form of locomotion is often employed by
large and heavy-bodied snakes. Due to the quiet and precise progression of the rectilinear
motion, snakes will usually use this kind of crawling to stalk their prey to avoid alerting

their target victim.

1.2 Introduction to Snake-like Robots

In this thesis, we focus on locomotion control of a snake-like robot. Due to the unique
locomotion performed by the biological snake, researches on snake-like robots start to attract
interests for robotic mobility in various environments Fig. 1.3 [21]. In 1940s, Gray [17]
started analysis of the biological snake movement. After several decades, the first snake-like
robot was developed by Hirose [2] in 1972 as shown in Fig. 1.4 (a). Since the first attempt
of the development of snake-like robot, research on many kinds of designs, mechanisms and

control approaches have increased enormously until now.

Figure 1.3. From biological snake to snake-like robots.

Typically, a series of rigid links connected by joints serve as the basic structure which
mimics the body features of a biological snake. The biological snake locomotion therefore

can be easily realized by swinging the joints from side to side. Besides, due to the design of



the serial connected joints, it allows the possibility for the snake-like robot to self assemble
in the field, and to be easily repaired if a section is damaged. Although snake-like robots
have many degrees of freedoms which increase complexity to control, but their stability and

traverse ability [22] exceed the conventional wheeled, legged, and tracked mobile robots.

Furthermore, snake-like robots can distribute its mass over a large area for support so
that it can still move effectively. Self-support between larger numbers of contact points
enables continued operation and movement. The snake-like robots can disguise themselves
very easily and move through the underbrush where is difficult for other robots. This ability

could also be used for military purposes.

Another surplus of snake-like robots over other types of ground mobile robots is their
ability to sneak into a narrow space. By changing the curvature of its body shape, it can
adapt to different space widths which is very useful for inspection purposes especially in an
unaccessible area that cannot be seen directly by the eye. Simple direct-view borescopes
have proven useful, but articulated self-advancing devices which can follow complex paths
could open many more applications [10]. To overcome the limitations of the traditional

methods, self-propelled inspection devices, like snake-like robots are highly demanded.

Thus, two main reasons for the interest in the snake research; the unique and scientific
interest in the mechanism of the snake’s motion and the engineering interest for future
applications of snake-like robots. Generally, a standard design of snake-like robots can be
categorized into two types; active joint with passive wheels and active joint without passive
wheels. In this thesis, we did not consider snake-like robots with active wheels [23] because

we will focus on controlling only the joint motors.

1.2.1 Snake-like Robots with Passive Wheels

By installing passive wheels, it provides an advantage for locomotion on flat surface and
for resistance to the lateral movement or side movement. Examples of snake-like robot with

passive wheels include the world’s first snake-like robot (ACM-IIT), ACM-R3, ACM-R5, and



AmphiBot (see Fig. 1.4). There are many more intense designs of snake-like robots with

passive wheels which have not been listed here.

Active Cord Mechanism-IIT (ACM-III) consists of 20 connected joints that generate
swinging motion around vertical axes [2]. Two small passive wheels were installed at the
bottom of each snake’s unit. Each of the joint is controlled actively by a motor. This
snake-like robot can realize a smooth creeping motion by transmitting a control signal from
joint to joint, from front to rear. It can also follow shape by adding tactile sensors on both
side of the body. ACM-III also has a capability to automatically wrap around an object

and autonomously driving inside a maze.

(d)

Figure 1.4. Snake-like robots with passive wheels: (a) ACM-III [2], (b) ACM-R3 [3], (¢)
ACM-R5 [4], and (d) Amphibot [5].

Another example of a snake-like robot with active joint and passive wheels is ACM-
R3 [3]. Developed in 2001, ACM-R3 had a capability to move in 3D motion and had a

large wheels on all sides of the body. These large passive wheels were added for additional



functionality where it can roll against contacted obstacles. The links were designed to
contain all the components within a shell that had orthogonal axes of rotation on each end.
The mechanism introduced in ACM-R3 can be used to realize serpentine locomotion, lift up
its body to move over obstacles, lateral rolling and side winding gaits. This snake-like robot
also had on-board power and could be radio-controlled which is useful for actual search and

rescue application.

ACM-R5 [4] was designed as a waterproof and hermetic dust-proof snake-like robot. It
was an amphibious design which can operate on ground and in water. The joint between each
segment or module of the robot consisted of a universal joint and bellows. The universal
joint acted as the bones and bellows acted as an integument, an enveloping layer (as a
skin, membrane, or cuticle) of a snake. This robot includes paddles and passive wheels
around its body on each segment, which can obtain resistance property on both ground
and water. For realizing versatile locomotion, the ACM-R5 incorporated advanced control
system where each segment had a CPU, battery and motors. Thus, each of the modular unit
could operate independently. Communication between the modules was done to recognize

its number from the head and how many units in operation.

AmphiBot I [5] was designed by Biologically Inspired Robotics Group at cole Polytech-
nique Fdrale de Lausanne. It is a modular amphibious snake-like robot, constructed out of
several identical segments, known as elements. The aim in designing AmphiBot is to study
the limbless body shape and neuronal control mechanisms. Each of the robots elements had
one DOF and the elements were fixed such that all axes of rotation were aligned. The robot
was designed to have distributed actuation, power and control; therefore, each element car-
ried its own DC motor, battery, and microcontroller. For motion on a terrain, the robot
could be equipped with removable sets of passive wheels. To support its amphibious role,
each individual element was made waterproof, as opposed to having a covering skin over the
entire chain of elements. The application of the robot was to serve as a test bed to support
two research goals of the authors: (1) to take inspiration from snakes and elongated fish

such as lampreys to produce a novel type of robot with dexterous locomotion abilities, and



(2) to use the robot to investigate hypotheses of how central nervous systems implement

these abilities in animals [24] [25].

1.2.2 Snake-like Robots without Passive Wheels

Wheel-less mechanism of a snake-like robot is preferable to realize versatile locomotion
for operating in unstructured environments [26]. One of the advantage of snake-like robot
without wheels is their ability to move in different terrains, such as in sand or grass. For
snake-like robots with wheels, the possibility to sink into sand is higher and the sand may get
stuck in the rotational shaft of the wheels. However, frictional resistance of the wheel-less
body on the ground is high, and large energy will be lost in the locomotion, if the normal
serpentine motion is used. Some interesting designs of snake-like robots mechanisms are

discussed here.

Figure 1.5. Snake-like robots without passive wheels [6] [7] [8] [9].

Fig. 1.5(a) shows one of a unique design of a snake-like robot which is called Uncle
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Sam, developed at Carnegie Mellon University. This robot has a strong and compact
joint mechanism and has an ability to climb trees by wrapping itself around a pole and
climb vertically [6]. Although the demonstration shows only the ability to climb a straight
trunk [27], the mechanism has a potential to perform branch to branch transition as long
as the length of the robot is long enough to wraps between two branches. Moreover, it can
also moves in a variety of different ways including rolling, wiggling, and side-winding. Due
to its versatile design, it can be deployed to quickly climb a flagpole, structural support,

gutter downspout, pipe, or tree and provide a view from a high vantage point.

In [7], the authors proposed a new 2-dof joint mechanism for a snake-like robot (see
Fig. 1.5 (b)). The proposed mechanism has four rotation axes against two actuators which
is different from a typical joint mechanism, where the typical joint mechanism has the
same number of rotational axes as the actuators. In other words, the range of motion
is twice as large as each universal joint and the power of rotation around yaw axis and
pitch axis are the total of the power of two actuators. This joint mechanism has relatively
large range of motion and it can improve the capability of snake-like robots to move in a
narrow environment. Using the proposed mechanism, the snake-like robot can perform a
side winding movement, a locomotion style of a natural snake in desert, which is suitable

on a slippery surface.

ACM-7 (Fig. 1.5 (¢)), developed by Ohashi et al [8], features a water-tight structure with
a large range pitch joint of 90 degree and a high output-power actuator arrangement, based
on the coupled drive concept. To avoid large energy lost in the locomotion, the ACM-R7
forms a loop shape and rolls like a wheel on the rim for locomotion efficiency of a snake-like
robot. The unique mechanism of the looped ACM can create infinite spinning motion of
the whole body. In addition, since there is no sliding motion between the body and the
ground, the motion is fast and energy efficient. Another advantage of this mechanism is the
capability to make turning and step climbing using a shape control method. The ACM-7

has successfully climbed a slope and move stably on a grassy surface.

Bayraktaroglu et al [9] designed a wheel-less snake-like robot (Fig. 1.5 (d)) based on
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push-points in the reachable zone of the mechanism’s modules. The propulsion of the
mechanism is inspired by the one of natural snakes exerting the lateral undulation. The
mechanism maintains a continuous lateral interaction with simultaneous push-points, which
is only due to the internal action provided by joint actuators. The stability of the snake-
like robot has been tested for different initial conditions and random perturbations. Beside
the lateral undulation locomotion, the snake-like robot can perform inchworm-like motion.
The snake-like robot can also pass through a constrained or narrow environment such as

U-profile arc using the lateral undulation.

1.3 Control Architecture of a Snake-like Robot

Due to the enormous growth of versatile snake-like robots design, many control archi-
tectures have been proposed to efficiently control the movement of the snake-like robots
based on their mechanical design and mechanisms. Some of the snake-like robots are com-
plicated to be controlled depending on various locomotion they can perform, which often
acquires many joints with higher degree of freedom. A simple control scheme is therefore
preferable for making the snake-like robots system easier to handle and implement. Basi-
cally, the control architecture of a snake-like robot can be categorized into three: sine-based,

model-based, and Central Pattern Generator (CPG)-based.

1.3.1 Sine-based Control

Sine-based control uses a simple time-indexed sine function to produce the traveling
waves. For example, the world first’s snake-like robot ACM-III [2] and [28] has been con-
trolled using the sine-based control, which is a simple mathematical model. The parameters
including amplitude, frequency and phase are directly related to the output, and can be
modified according to the preferred kind of locomotion. This control method is useful for
non expert operator to handle due to its easy control. However, because of the increasing

of demand of versatility and mechanisms of the snake-like robots plus the existence of high
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technology such as various sensor integrations, this method is not preferable due to the
difficulty to integrate sensory feedback signals. In addition, the parameters of a sine-based
function is not efficiently to be modified online. In other words, the snake-like robots need
to be stopped (offline) before the parameters can be adjusted to achieve desired locomotion.
This condition is not efficient to the snake-like robots for rescuing or searching purposes
and causing operational downtime. Besides, the online modifications lead to unstable move-
ments of the snake-like robots due to the discontinuous of the output signals. The unstable
movements will cause damages to the gearboxes and motors. The problem can be over-
comed by filtering the parameters or outputs, but the simplicity of this method will vanish.
Moreover, it is not efficient for path following or path planning task using the sine-based

approach.

1.3.2 Model-based Control

Model-based control uses kinematic and dynamic models of the robot to design control
laws for gait generation. Some examples of robot’s control that apply this kind of control
can be referred to [29] [30] [31] [32]. The advantage of the the model-based approach is
the identification of the fastest gaits of the robot using the kinematic constrains or ap-
proximations of the equations of motion. This is very useful in designing controllers that
are compatible to the design and mechanisms of the robot. However, there are several
limitations of this control method. First, the design controllers are not always suitable for
interaction with human operator to modulate the parameters. Second, the performance of
the controllers will deteriorate if the models become inaccurate, often when the robot is
dealing with complex environments due to the fluctuation of the interaction forces. An-
other drawback is the control model need to be redesigned if the mechanism of the robot
is changed. Furthermore, for a complicated robot, such as snake-like robots, to model its
dynamic or kinematic is not an easy task due to large number of degree of freedom espe-

cially for robots with various functionality. Moreover, the design of the controller is only
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suitable for specific robots mechanisms whose kinematic or dynamic is similar, which loses

its generality.

1.3.3 CPG-based Control

CPG-based approach uses dynamical systems of coupled nonlinear oscillators or recur-
rent network to generate traveling waves for desired locomotion. Limit cycle behavior of
the traveling waves are achieved by the differential equations integrated over time. The ex-
hibition of this limit cycle behavior ensures the robustness of the CPG-based model against
any random perturbation to the system, where the oscillatory patterns asymptotically re-
turn to the limit cycle. Furthermore, the limit cycle can usually be modulated by some
parameters which offer the possibility to smoothly modulate the type of gaits produced.
This control approach also can be easily integrated with sensory feedback signals in the dif-
ferential equations, and show interesting properties such as entrainment by the mechanical
body [33] [34] [35]. Moreover, some of the CPG models have explicit parameters such as
amplitude and frequency which show clear relationship with the output signal. Depending
on the applications, CPG-based control can be easily implemented and uses simple control
which is understandable by readers who may not familiar with the control approach. CPG-
based controller is very useful for smoothing gaits transition which depends on communica-
tion between modules. If just using CPG-signal without communication coordination, then
there is no advantage in controlling modular robot compared with sine-based controller.
However, one difficulty using CPG-based approach is the design of the CPG network to
produce particular patterns that suit to the types of the robot. Also, since it is not based

on the model, it cannot take friction, mass, and other physical properties in its formulation.

1.4 Central Pattern Generator

As mentioned in previous section, CPG-based approach is the alternative method for

advance control of mobile robots. Due to many advantages offered by the CPG-based
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method, this method is preferable in many robot applications such as legged robots, hexapod

robots, and amphibious robots.

1.4.1 Introduction to Central Pattern Generator

The problem of locomotion control of various kinds of robots can be solved by taking
inspiration from the neural control of locomotion in animals. The first pioneering studies
reveal that the pattern of locomotor activity is due to a pattern of neural activity [36].
Despite the differences in the kind of locomotion and body forms of various animals, the
different elements, which is hierarchically organized and common to the motor system can

be identified. The key component of the motor system is called Central Pattern Generator

(CPG).

CPG is neural networks that exist in spinal cords of the living animals which are used as
activation signal for muscle contractions. It is a neural circuit that can produce a rhythmic
pattern without needing any inputs from sensory feedback signal or descending control.
Even completely isolated CPGs in a petri dish can produce patterns of activity, called
active locomotion, which are very similar to locomotion activated by simple electrical or

chemical stimulation [37].

Signals from CPG directly control the effector organ such as cilia and legs. The signals
receive from higher control control neurons are necessary only to initiate the locomotion,
but not to generate the desired pattern of movements. Indeed, the rhythmic movements are
generated at the neural level of the CPG. Thus, its functioning results from an interaction

between central commands and local reflexes [38].

Fig. 1.6 (b) shows the main functional features of the motor system of animals, with
presence different types of feedback namely central feedback which is directly input to
the higher control neurons, reflex feedback from the motor output to the CPG, and sensory
feedback from the environment to either the CPG or the higher level neurons. The presence
of feedback from environment is not strictly necessary to generate a rhythmic pattern, which

is called fictive locomotion [39]. However, the feedback signals help to achieve efficient
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Figure 1.6. (a) Existence of neurons in spinal cord of living animals, and (b) Bionic control
process [10].
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performance of the whole control system in real environments by modifying the locomotion
patterns. In addition, removing higher control signals will result in unstable movement of
the animal. This situation shows the important of involvement of the higher level neurons

for posture control.

1.4.2 CPG in Locomotion Control of Robots

From the engineering viewpoint, CPG-based approach uses dynamical systems of cou-
pled nonlinear oscillators to produce rhythmic patterns. The main reason for the great
interest in bio-inspired approaches is the fact that bio-robots provide suitable solutions for
the design of efficient locomotion as they appear as simple solutions to hard problems.
The challenge issue is how to realize the biological movement using the mechanical struc-
tures. For example, mimicking snakes motion. The movement of snakes is generated by
the frictional force between its body and ground. Its geometric shape is used to control the
frictional force and can change its speed by changing the shape of its body. Until now, the
current technology is not sophisticated enough to resemble the muscles and joints of the
animals. Thus, it is crucial to develop simple mechanisms and control that can generate

similar biological motions such as CPG-based method.

CPG-based control has been utilized in various kind of bio-inspired robots. By manip-
ulating the CPG parameters, different gaits or locomotion patterns of bio-inspired robots
such as hexapod, salamander and others can be realized. Chunlin and Low [11] have de-
signed locomotion control of a fish robot with fin propulsion. The CPG-based control
method illustrates a way to switch motion patterns including swimming by flapping pins,
turning by modulating phase relation of fins, and online transition of different motion by
simply tuning corresponding parameters. In [13], the authors applied CPG-based approach
to control locomotion of quadruped robots by proposing a control architecture with a 3-D
workspace and a motion engine. By tuning the parameters of the CPG network, online
adaptive workspace trajectories were generated using the proposed architecture. Seo et al

[12] proposed CPG-based control strategy to control autonomous turtle-like underwater
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vehicle by using contraction theory. They also implemented feedback of the actuator states
to the coupled oscillators for environment adaptation. All of these papers [11] [13] [12]
are some examples of various mobile robots that use CPG as the control approach. CPG
oscillator has also been tested on a humanoid chewing robot by generating rhythmic and

voluntary patterns of mastication [40].

Flapping fins

Finrays
|
Motors

(b) ©

Figure 1.7. Examples of various mobile robots that uses CPG as their control method (a)
Fish-like robot [11], (b) Turtle-like robot [12] and (c) Quadruped robot [13].

CPG-based control has been applied in many snake-like robots for various purposes.
Crespi and Ijspeert [41] utilized CPG-locomotion control for online optimization of am-
phibious snake robot. The authors address problem in locomotion control of robots with
multiple degrees of freedom mainly a snake-like robot by searching the fast swimming and
crawling gaits to adapt to variety of environments using CPG-based approach. Lu et al [42]
analyzed a snake-like robot controlled by cyclic inhibitory CPG model where all the pa-
rameters of the CPG are fixed during the locomotion. The authors present some necessary
conditions for the CPG network to sustain a rhythmic output and verified the proposed
control architecture into a real snake-like robot called ”Perambulator”. Wu and Ma [43]

improved the CPG connection model proposed in [42] and analyzed the effect of CPG pa-
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rameters to the CPG output without changing any parameters at any time instantly. They
also proposed a new network with feedback connection which can generate uniform outputs
without any adjustment. Tang et al [44], proposed a self-tuning multi phase CPG which
enable a snake-like robot to adapt to environments. The proposed CPG control architec-
ture can change the movement patterns and control parameters autonomously according to

external information.

1.5 Outline of this Thesis

CPG-based approach has shown its flexibility in controlling many kinds of mobile robots
with various desired motions. This control method can be applied in different terrains in-
cluding aquatic and terrestrial environments. However, all of the previous and current
designs of CPG network have either drawbacks: complicated CPG networks, high compu-

tational cost, and/or complex interneurons connection to produce rhythmic output.

The purpose of this research is to overcome the fundamental problem of the CPG-
based control for a snake-like robot in term of the the body shape control for environment
adaptability using a simple CPG network. A simple CPG network with combination of
a simple mathematical model is preferable which can reduce the computational cost, easy
to be implemented and handled by human operator who may not familiar with CPG. The
critical issue of snake-like robots control, that is, online parameters modification of the
CPG-based is also being analyzed further due to its significance in rescuing and searching
tasks. Online modification of the body shape of snake-like robots is crucial for autonomously

adapt to its environment which is fundamental to biological snakes motion.
The contents of this thesis are organized as follows.

Chapter 2 introduces the proposed CPG network with its mathematical model to control
locomotion of a snake-like robot. The proposed CPG network is compared with other
existing CPG network by other researches for controlling a snake-like robot in terms of

the structure model and the convergence speed to phase locking state. The selection of
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mathematical model, that is, the phase oscillator, to represent our CPG network is also
described in details. Finally, the characteristics of the CPG parameters are discussed for
its frequency control and feedback connection to attain the rhythmic output. Moreover, we
also presents the stability analysis of the proposed CPG network. The stability analysis
is important to prove the limit cycle behavior of the CPG network against any random
perturbation. Based on the proposed CPG network, a new parameter is introduced to
control the frequency and coupling weight between the oscillators to control deterioration
of the output wave. Then, some examples of locomotion control of a snake-like robot are
shown using the proposed control method. The basic locomotion of a snake-like robot, that
is, the S-shape control and also the forward and backward movement are verified through
simulations. Discussions of the overall analysis and results are presented at the end of this

chapter.

Chapter 3 analyzes the fundamental problem of locomotion control of a snake-like robot.
The main point addressed in this chapter is a method that produces a smooth transition
of the body shape of a snake-like robot. By manipulating the phase difference of the CPG
outputs instantly, it will result in a sharp point or discontinuity which leads to an unstable
movement of the snake-like robot. To tackle the problem, a method of controlling the
body shape is proposed: by incorporating activation function in the phase oscillator CPG
model. The simplicity of the method promises an easy implementation and simple control.
Simulation results and torque analysis confirm the effectiveness of the proposed control
method and thus, can be used as a locomotion control in various potential applications of

a snake-like robot.

Chapter 4 focuses on the versatility of the snake-like robot locomotion based on our
CPG approach. This chapter is divided into two parts. The first part explains the straight
path control of a snake-like robot. Forward straight path locomotion of a snake-like robot
can be easily controlled using any control architecture such as sine-based, model-based or
others. However, a problem occurs when one or more of the control parameters are modified

online, where the trajectory of the snake-like robot will deviate from its original path. The
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novelty of the approach is the online body shape transition of the snake-like robot which
can be used to control the forward straight path of the snake-like robot. The second part
describes the control of turning motion of a snake-like robot for obstacle avoidance using
phase difference modulation. The proposed turning method is compared with amplitude
modulation method by other researchers which shows advantages in the proposed method.
Simulation results and torque analysis confirm both of the proposed straight-path control

and turning methods can be used efficiently into a snake-like robot.

Chapter 5 presents the experimental verifications for the proposed CPG network in
controlling various locomotion presented in each chapter. Details of the physical snake-
like robots are explained. The control systems and the software programming used for the

experiments are introduced and briefly explained in Appendix.

Chapter 6 concludes this thesis and discusses the possible works in the future.
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Chapter 2

Analysis of CPGs with Phase
Oscillator Model

Many efforts have been done in designing network architecture using CPG for locomotion
control of mobile robots. One of the important aspect in designing a control approach is a
simple network with less computation and easy to be implemented practically for searching
and rescuing tasks in real environments. This requires not just a versatile design of robot,

but should also integrate a simple control structure.

In this thesis, we focus on the CPG-based control for a snake-like robot to mimic the
typical serpentine locomotion of snakes, which is the most efficient among all modes [45].
Previous works done for controlling locomotion of a snake-like robot utilizing CPG-based
method have either complicated network or complex interneurons connections to produce
rhythmic output, which requires high computational cost. Furthermore, the selection of
mathematical model to represent the CPG oscillators is important for producing limit cycle
behavior. The mathematical model should also has a clear relationship of their parameters
and output for easy control and implementation into the robot. Also, CPG approach offers

the possibility to integrate sensory feedback signals in the differential equation, which gives

advantage among other control architectures.
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This chapter firstly introduces different kinds of network structure of coupled oscillators
and dynamical equations that are available for representing the the CPG oscillators. Each of
the network structure and mathematical model can be used for producing rhythmic inputs

with proper design depending on the applications and the kind of robots.

Then, we propose a simple unidirectional CPG structure with the mathematical model
for controlling a snake-like robot locomotion. A comparison with previous work [41] which
proposed a bidirectional structure is also presented. Finally, characteristics of the CPG

parameters are discussed.

2.1 CPG Mathematical Model and Network

The coupling of two oscillators is fundamental for the construction of artificial CPGs.
Depending on the network design and the selection of the mathematical model, the perfor-
mance of the control architecture will differ. For instance, one directional coupling between
oscillators is adequate for maintaining stable phase difference but the gait transition may be
slow if large amount of oscillators are used in a CPG model. This problem can be solved by
increasing the coupling strength. However, depending on the selection of the mathematical

model, a large coupling strength will distort the shape of the output wave.

On the other hand, if we use mutual coupling scheme, it requires high computational
cost than the one directional coupling, but the gait transition will become faster. Thus, it is
crucial to determine the appropriate network structure that can be integrated with simple

mathematical model to produce high locomotion performance of the robot.

2.1.1 CPG Mathematical Model

The motivation of modeling is to study on how the oscillator couplings affect the syn-
chronization and the phase lags within the a populations of oscillators. The dynamics of
population of oscillators depends mainly on the topology of network rather than on the local

mechanisms of rhythmic generation [46] [47]. The ability of the CPG network to produce
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and switch between multiple gait patterns is a model-independent phenomenon, that is, it
does not depend upon the detailed dynamics of the component oscillators and/or the nature
of the inter-oscillator coupling. The interaction of a CPG model with the environment offers
the possibility to study the effect of sensory feedback on the CPG activity. In some cases,
the CPG models have been coupled to biomechanical simulation of a body, in which case

they are called neuromechanical models [48] [49].

There are common assumptions in the dynamical approach to CPG: the nonlinear oscil-
lators are often assumed to be identical, the stepping movements of each joint are controlled
by a single oscillator, while inter-joint coordination is provided by the connections between
the oscillators. Moreover, the oscillator may represent either single motor-neuron or popu-

lation of neurons controlling the movement of a joint or an inter-neuron.

One difficulty with CPG-based approaches is to determine how to design the CPG to
produce a particular pattern. There are many types of oscillator models such as van der
Pol, Stein, FitzHugh-Nagumo [50], Matsuoka oscillators [10] [51] [52] [53] and Hopf oscil-
lator [5] [54]. Van der Pol oscillators have been used extensively in physiological modeling
studies [55] and later modified by Bay and Hemami [56] for the coupling between the oscil-
lators. Stein neuronal model is capable of producing oscillatory output, which has 3 sets of
coupled nonlinear differential equations. Inhibitory coupling between the CPG oscillators
was achieved by decreasing the magnitude of the inhibited oscillator’s driving signal by an
amount proportional to the inhibiting oscillator’s signal. The FitzHugh-Nagumo model,
was developed and analyzed by FitzHugh [57] and Nagumo et al [58]. The inhibitory cou-
pling was implemented in a manner similar to that for the Stein CPG model, that is, the
coupling served to decrease the driving signal acting on the inhibited oscillator. However
these oscillators model (van der Pol, Stein, FitzHugh-Nagumo) are designed in a biological
perspective which are structurally complicated and not suitable for purposive control or nu-
merical analysis in engineering viewpoint [43]. Plus, the stability analysis of the oscillator

models have not been proven.

Matsuoka oscillators provides several parameters that influence the CPG output. The
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model of CPG neuron proposed by Matsuoka has the features of continuous-time and
continuous-variable in its simple structure, and can thus be easily implemented into the
control of a snake-like robot with a large number of DOFs. Stability analysis and math-
ematical proof have been done for generating rhythmic output [42]. However, realization
of smooth rhythm waves depends on the inhibitory model and number of neurons. Fur-
thermore, some of the parameters are interrelated to each other and need to follow some
numerical conditions. It makes the robots control become complicated and difficult, which
loses its simplicity. Meanwhile, for Hopf oscillator, the coupling terms between oscillators
need to be further derived from the nonlinear differential equation. Most of the CPG models
mentioned previously do not have explicit parameters defining quantities such as frequency,
amplitude, and wavelength (for instance, a van der Pol oscillator does not have explicit

frequency and amplitude parameters).

To overcome all of the above mentioned drawbacks by other oscillator models, phase
oscillator has been adopted as the dynamic model representing our CPG coupled oscillators.
An interesting aspect of the phase oscillator model is the combination of the simplicity of
the sine-based approaches with the robustness of the CPG due to the possesses of limit
cycle behavior by the phase oscillator. The parameters of the phase oscillator have explicit
relationship to the output, where the frequency, phase, and amplitude are directly influence
the CPG output, which provides easy control. Another advantage of using CPG-based
model over the sine-based is the possibility to integrate sensory feedback signals in the

differential equation.

2.1.2 CPG Network Model

Several topological structures of CPG exist when more oscillators are involved. The
CPG structures can be mainly categorized into five types: the chain type [54] [59] [60], the
ring type [60] [61] [62], the radial type [63], the fully connected type [64] [65], and the
combinations of the three types aforementioned [66]. Besides, given one type of topologi-

cal structure, the coupling profiles can be different. Fig. 2.1 shows the four fundamental
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structures. The oscillators are not restricted to four, but can be added depending on the
applications. Until now, no standard principles exist that determine which structure should
be adopted. Basically, the selection of the topological structure depends on the actual

situation of a robot application and the type of robot.
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(@) CPG 1
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Y CPG 2 \ /...@CPG n

SO i

CPG 3 CPG 4 CPG 3
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Figure 2.1. Common topology structures of coupled oscillators (a) radial type, (b) chain
type, (c) fully connected type, and (d) ring type.

The radial type CPG structure is governed by central neural system which is called
centralized control. The hierarchy of the structure is not restricted to the higher command
of oscillator and its low level oscillators. The structure can be in multiple layers based on
the robot applications. The higher level oscillator will always receive feedback from the low
level command for synchronization of activity. Some applications of this kind of structure
are fish-like robot [11] [63]. In [11], each fin of the fish-like robot is driven by three brushless
servo motors and totally six oscillators are needed to generate the swimming gaits for six
fin rays. Three oscillators are used to control one side fin. On each side, the oscillators are

coupled with the first oscillator as a radial connection.
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The fully connected type is usually used to control quadruped robots [50] [61] [67] [65].
In [61], four CPG oscillators were used to control four legs respectively. The oscillators
need to cooperate to each other to make the quadruped hoping robot jump continuously by
applying the same periodic force to each spring of the robot’s leg. Hence, the fully connected
type of CPG structure was adopted to obtain stable, continuous and rhythmical hopping
performances. Due to the strong coupling of the parameters, the parameter analysis of
the network is the major difficulty for the engineering application of the CPG-based control
methods [65]. To overcome the problem, in [65], the authors added mapping signals from the
fully connected CPG structure to modulate the CPG parameters. However, it only solves
the difficulty of modulating the CPG parameters, but complex calculations and structure

still remains.

The ring type resembles the fully connected except for their connection among the
nearest neighbor oscillators. For fully connected type, the oscillators are connected to its
neighbor oscillators and the crossover oscillators. In [60], the authors firstly use the chain
type CPG structure to control the fins. However, the gait transition is slow and therefore
modified the CPG structure to the ring type. All oscillators are synchronized to the first
one with different stable phase lags depending on the position of the associated fin ray
on the long fin. In [62], the authors adopted ring type CPG structure to match to the
mechanical system of the robot. The CPG structure has a brain control and the oscillators

are regulated by feedback information.

The chain type CPG structure is the simplest connection among others. This type
of structure connected the oscillators to its nearest neighbor oscillator in an open loop
form. This is the different to the ring type structure, where the oscillators are connected
in a form of closed loop. Usually, due to its simplicity, this kind of CPG structure is
adopted for various mobile robots such as snake-like robot [41], hexapod robot [54], fish-like
robot [60] and other compliant robots [59]. In [60], the CPGs are connected in the way
that the behavior of one CPG is perturbed by the previous one in order to maintain a

stable phase difference between them, which forms a one-way chain structure. However,
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the gait transition under this chain structure is slow. The reason is that each oscillator is
synchronized with the previous one and the lag dynamics propagates and accumulates one
by one. However, depending on the applications, the chain type CPG structure is more

suitable in compliant robots such as snake-like robot and salamander-like robot [68].

Besides the selection of CPG structure, coupling way between oscillators should also be
considered. Generally, coupling between oscillators can be categorized into two: unidirec-
tional coupling and bidirectional coupling. Examples of bidirectional coupling can be found
in [11] [50] [61] [65] [62] and unidirectional coupling in [43] [50] [60]. Oscillators coupled
bidirectionally will send and receive information with each other. By applying a bidirec-
tional coupling scheme, gait transition can be performed faster. The disadvantage of this
scheme is that it requires more computing cost and the parameters cannot be easily modu-
lated due to the strong coupling between the oscillator. On the other hand, unidirectional
coupling is easy to be implemented in robot control with less computational cost. However,
gait transition will be slow if large amount of oscillators is used in the CPG model. This
problem can be reduced by increasing the coupling strength, but the shape of the output

wave will distort.

Due to the advantages and disadvantages of each of the CPG structures and coupling
scheme, a careful selection and analysis are required to match to the mechanical system of
a particular robot. Thus, less complexity and computational cost, but with higher perfor-

mance is preferable for controlling a mobile robot.

2.2 CPG Model for Generating Rhythmic Motion

This section describes the mathematical model and structure of our proposed CPG
model. We propose a simple control structure, less computational cost with high efficiency
for controlling a snake-like robot. Furthermore, we analyze our proposed CPG structure
with bidirectional structure proposed by Crespi and Ijspeert [41] in terms of coupling com-

plexity, mathematical computation and convergence speed to phase locking state. The

28



characteristics of the CPG parameters are discussed for its frequency control and feedback

connection to attain the rhythmic output.

2.2.1 Phase Oscillator

Nonlinear model of phase oscillator has been utilized to control locomotion of amphibi-
ous snake robot and modular robot [41] [69]. The mathematical model describing a system

of one phase oscillator is as follows:

j=l
éi =2mv; + Z Wi Sin(ej — 91) (2'1)
J#

Detailed explanations of the parameters in (2.1) can be referred in Table 2.1. This oscil-
lator model spontaneously produces traveling waves with constant phase difference between

neighboring segments along the body, and it is made of multiple oscillators connected as a

double chain, and (2.1) has been modified [41] as follows:

j=l
0; = 2mv; + Z W5 Sin(ej —0; — ¢U) (2.2)
J#i
where ¢;; is the phase bias. Here, ¢;; is used to determine the phase lag between oscillators.

Coupling term between the oscillators is defined by the weights w;; and the phase bias ¢;;.

The output for each oscillator is as follows:

z; = Acos(6;) (2.3)

Description of parameters in (2.2) and (2.3) are shown in Table 2.1:

The simplicity of the phase oscillator model reduces the computational cost. There
is no looping process in the algorithm such as the optimization algorithm (for example:
genetic algorithm) which requires high internal memory of processor. On the other hand,

the CPG model is well suited to be programmed on a microcontroller on board of the robot
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Table 2.1. Description of the parameters
Items | Details

0; Phase of the ith oscillator

0; Phase of the jth oscillator

v Intrinsic frequency

A Amplitude

w;; | Coupling weights between oscillators

l Number of oscillators

bij Phase bias

x Rhythmic and positive output signal

éi The time evolution of the phase 6;

because of the direct relationship of the CPG parameters to the CPG output. The CPG

mathematical model does not require many steps and is easily solved.

2.2.2 Structure of CPG Model

For the phase oscillator model, bidirectional coupling is usually adopted to control
one actuator. Fig. 2.2 (a) illustrates the structure of multiple phase oscillator connected
as a double chain. This type of coupling structure has been implemented by Crespi and
Ijspeert [41]. Fig. 2.2 (b) shows our proposed CPG structure using the phase oscillator
model, which is unidirectional coupling. Referring to Fig. 2.2 (b), for simplicity, we named
these oscillators from left to right as: oscillator 1, oscillator 2, oscillator 3 and so on in
ascending order. Referring to Fig. 2.2, the direction of arrow for each oscillator indicates
the receiving 6; (inward) from neighbor oscillator or transmitting ; (outward) to neighbor

oscillator.

For bidirectional coupling, two neurons are adopted to control one output signal. For
simplicity, we named the upper part as [u/, and the lower part as [l[/. The mathematical

model used to describe 6; as in Fig. 2.2 (a) for i=1, 2, 3is as follows:

01 =2mvi + wiggap sin(Oap — O1g + Drpgen) (2.4

+ wip ) SIn(01w) — Oy — P1pyifu))
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Figure 2.2. Structure of coupling oscillator: (a) bidirectional coupling, and (b) unidirec-
tional coupling.

Oopyp =2y + wopy Sin(O1p — Oap — dopyiy)
+ wapyapy sin(Gap) — b2y + dasy) (2.5)

+ Wapnjapu) SIn(O21y) — B2 — P2pij2}u))

Oap) =2mv3) + wapga Sin(Bap — Oap — dapyem)
+ wspgap sin(Oap) — O3 + d3pap) (2.6)

+ wa3[u) SIn(O310) — O3 — P33[u))

For simplicity but without loss of generality, the value of ¢;; can be respectively assigned
to ¢ for descending connections and —¢ for ascending connection. For upper and lower
connections, the value of ¢;; is set to —¢ for downward connections, and ¢ for upward
connections. The CPG network proposed in [41] is structurally complicated and difficult
to analyze numerically. Besides, it is not easy to change the phase difference because
of the strong coupling between the oscillators. Furthermore, the number of connections

in bidirectional network as in Fig. 2.2 (a) is three times more than our network which
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increases the calculation time significantly. Due to the said drawbacks, we propose simple
CPG coupling so-called unidirectional coupling for a snake-like robot locomotion control.
As shown in Fig. 2.2 (b), only one neuron is adopted for controlling one output signal, and

the mathematical model used to describe 6; for i=1, 2, 8 is as follows:

91 =27 + wio Sin(92 — 01 — ¢12) (27)
92 = 2mvy + w1 sin(91 — 0y + qbgl) (28)
93 = 27u3 + wsg sin(fy — 03 + P32) (2.9)

The design of our CPG network is rather simple in structure by connecting it into
unidirectional CPGs network (see Fig. 2.2 (b)). In this model, the oscillators are connected
in a direction from head to the tail of the snake-like robot. Referring to Fig. 2.2 (b), the
first two oscillators are coupled bidirectionally because every phase oscillator needs to have
input from other CPG in order to produce harmonic rhythmic output. The value of ¢;;
is set to ¢ for descending connections and —¢ for ascending connection. The desired joint

angles for unidirectional coupling are described as:

joint_angleli] = x; (2.10)

The behavior of 6; and desired joint angles of the unidirectional CPGs network are
shown in Fig. 2.3. The parameters used are: v; = 0.1, w;; = 10, A = 1, and ¢ = /3 for
all CPGs. It is obvious that the output waves are homogeneously distributed with phase
difference equal to ¢. With unidirectional network, multi numbers of equations can be

eliminated.

2.2.3 Convergence Speed to Phase Locking State

In previous subsection, we have already compared the complexity of the synapse connec-

tions between the two CPG models, that is, bidirectional and unidirectional structures. The

32



_—91— 92. 93794
15¢ |
._10 | - ’:’:,’»
e _ezETEEE
- f: : ..... :’/-;-/:/'/,,/
opZE
_5 ‘ | |
’ > 15 20
Time (s)
@

15
_ |——CPG1—- CPG2""CPG3*CPG4|
B Y x N TR “\/
=05 / / \ X AR
= 0. \ / NA N ! '\ ’\
CTRN S I
S 0 ( AN \ ANRY
S L . \ . / \ \ , / \ :
H|_05 ’ / \ ‘.- ///' \ \ I /\ ,' N
:5 NN N / \

15 ‘ |

0 5 10 15
Time (s)
(b)

Figure 2.3. Unidirectional CPG network: (a) behavior of 6;, and (b) joint angle.

results conclude that the proposed unidirectional structure has several advantages over the

bidirectional structure. In this subsection, we further analyze our proposed CPG model by

comparing the two CPG models, based on the convergence speed to the phase locking state.

We compared both the convergence speed of the unidirectional and bidirectional structure

using the same CPU frequency and internal memory of 2.80GHZ and 3.00GB respectively

with 64-bit operating system. The parameters used for both CPG models are: w;; = 10,

and A = 1. We simulate the results only for four CPG couplings and the interpretation of

the CPGs is similar as in Fig. 2.3.

In Table 2.2, we show results of the convergence speed during the initial state to the

phase locking state for the two CPG models. We analyze the convergence speed by varying

the value of v; = 0.1 and 1.0, and value of ¢;; = 7/2, /3, and 7 /6.

Table 2.2. Comparison of convergence speed

Convergence speed (s)

v; | Unidirectional | Bidirectional | ¢;;
0.1 1.4 0.9 /2
0.1 1.2 0.8 /3
0.1 1.2 0.7 /6
1.0 14 0.8 /2
1.0 1.1 0.7 /3
1.0 1.1 0.7 /6

From the results in Table 2.2, the convergence speed for bidirectional network is a bit
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faster than our proposed unidirectional coupling. But the difference of the convergence
speed between these two models is only less than 0.5s, which we consider to be small and

acceptable while comparing with motion time. It thus can be disregarded.

Based on our analysis, the convergence speed does not depend on the value of v;. There
are two factors that affect the convergence speed for the initial state to be at the phase
locking state: 1) the convergence speed increases as the number of oscillator increase, and

2) the convergence speed increases slightly as the value of ¢;; increase.

2.3 Analysis of CPG Model with Unidirectional Coupling

In this section, we will show that our proposed structure is much simpler and provides
the same stability as the bidirectional coupling. The control of phase difference of the
unidirectional oscillator will be proved to be easier rather than the bidirectional coupling.
Some modifications also have been done in (2.2), to control the smoothness of the CPG

outputs as well as to control the speed of the snake-like robot.

2.3.1 Descriptions of the Phase Oscillator Model

Firstly, for further understanding, we describe the similarity of the terms of the phase
oscillator model with the conventional sine-based model used for controlling the rhythmic

output wave, as shown in Table 2.3.

Table 2.3. Similarity of the terms between sine-based and phase oscillator (CPG-based)

Sine-based CPG-based
91‘ =27 v;+
Equation xr; = A sin(wt + Z¢) ;;i Wi 5 sin(é’j — 02 — qbl])
x; = Acos(6;)
Amplitude A A
Frequency w 2mv;
Phase difference 10} bij
Output T T;

The sine-based uses simple time-indexed sine-based functions, while the CPG-based uses
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dynamical systems of coupled nonlinear oscillators to generate traveling waves. Even though
both control architectures have similar terms, the sine-based method have two drawbacks:
i) it is not efficient to modify its parameters online, and ii) it is not easy to integrate sensory
feedback signals. Thus, it is clear that the parameters of the phase oscillator model have
clear relationship with the output. With this advantage, it is easy to control and adjust the

parameters accordingly.

For our proposed CPG-based model, the parameters for v;, w;;, and ¢;; are set to have
the same value for all of the CPG oscillators in controlling the locomotion of our snake-like

robot. In other word, we define v; = v, w;; = w, and ¢;; = ¢ for all oscillators.

2.3.2 Feedback Connection of the CPGs

In this section, we analyze the feedback connection of the oscillator 1. For our proposed
CPG structure (Fig. 2.2 (b)), the feedback connection is set from oscillator 2 to oscillator
1. With the set configuration, we can get homogeneous oscillations distribution between
the oscillators output. The significant advantage of our proposed CPG structure with the
feedback connection is that, the phase difference can be controlled by controlling param-
eter ¢ as shown in Fig. 2.3 (b). To further clarify the uniqueness of our CPG structure,
we analyze the CPG outputs behavior when changing the feeding connection from other

oscillators to oscillator 1. The parameters used are: v=1, w = 10, and A = 1.

In Fig. 2.4, we show the behavior of the CPG output z; in term of ¢ when we change
the feedback connection to oscillator 1. The x-axis in Fig. 2.3 denotes oscillator 2, oscillator
3, and oscillator 4 while the y-axis denotes the value of ¢ with respect to the feedback
connection. We analyze various values of ¢ (in degree) for ¢ = 90°, 60°, 45°, and 30°. From
Fig. 2.3, we can conclude that there is a nonlinear change in value of ¢ as the feedback
connection varies increasingly with the sequence of oscillator. Therefore, the feedback con-
nection must be fixed from oscillator 2 to oscillator 1 to get the desired phase difference

based on the set value of ¢.
We further analyze the changing of the sign of ¢ for oscillator 1. In our proposed CPG
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Feeding oscillator

Figure 2.4. Behavior of ¢ when the feedback connection is changed.

structure, the sign of the first oscillator (oscillator 1) must be reversed with other oscillators.
In Fig. 2.5, we can see that the outputs z; are in ascending order when ¢ for oscillator 1 is
negative, whereas in Fig. 2.5, the outputs z; are in descending order when ¢ for oscillator 1

is positive.
Based on our analysis, to produce homogeneous waves we can conclude the following:
1) Oscillator 1 must always get feedback connection from oscillator 2;

2) as the feedback connection varies increasingly with the sequence of oscillator, the

value of ¢ change with nonlinear decreasing;
3) the sign (%) for ¢ for oscillator 1 should always be opposite to the other oscillators;

4) if sign of the ¢ for oscillator 1 is positive (+), the CPG outputs will be in descending

order;

5) if sign of the ¢ for oscillator 1 is negative (-), the CPG outputs will be in ascending

order.
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Figure 2.6. Behavior of CPG when ¢ for oscillator 1 is negative (+): (a) 6;, and (b) output
;.

37



2.3.3 Phase Difference Synchronization

Stability analysis for two bidirectional coupled oscillator for determining synchronization
of the phase difference can be referred to [41]. Also, more in depth analysis of networks
of phase oscillators can be found in [69]. In this section, we are interested to determine
whether the unidirectional coupled oscillators (Fig. 2.2 (b)) will synchronize at constant

phase difference.

The phase biases between the first two oscillators, oscillator 1 and oscillator 2 (refer
Fig. 2.2 (b)) must always be in opposite sign to obtain the rhythmic output with constant
phase difference. For other oscillators i.e., oscillator 3, oscillator 4 and so on, the sign of ¢

must follow the sign of ¢ for oscillator 2. From (2.9), consider the case for oscillator 3:

f(03) = 03 = 270+ wsin(fy — 05 + ¢) (2.11)

For the first oscillator, we use +¢ and -¢ for other oscillators. The equilibrium occurs

when the right hand sides of the first order system, (2.11), simultaneously vanishes [70]:

2mv+ wsin(fy — 03 + ¢) =0 (2.12)

Solving (2.12) for #3, we obtain:

03° = 0y + ¢ + sin~* (27v/ w) (2.13)

From (2.13), we can see that 63 will always evolve at constant phase difference of 62 +
¢ + €, where € = sin~!1(2mv/w). In order to get the output of oscillator, z; to converge to

oscillations that are phase locked with a phase difference of ¢, we must have:

V<< W (2.14)
So that e will be relatively small and can be ignored. Therefore, the output will become:
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2°(t) = cos(2 + ¢). Here, we can see that ¢ is a phase difference between 6; and 6;_1,
where:
O3 =05+ ¢ (2.15)
Therefore:
¢ =03 — 02
(2.16)
=0; —0;—1 = Ab;

If rule in (2.14) is obeyed, the solution will be asymptotically stable because:

of(é
2(93) = —wcos(fy — 05 + @) (2.17)
3 05°
Substitute (2.13) into (2.17), we obtain:
8];33 ) = —wecos(sin™ ! (2mv/w)) (2.18)
3

(2.18) shows that the solution of 9f(65°)/065 < 0 at all value of ¢. Note that (2.14)
should be satisfied all times for every type of network connection because if value of v~ w,

the output wave will deteriorate.

2.3.4 Frequency Control

From the previous section, we can see that the output oscillator will evolve at constant
phase difference +¢. But, the effect of (2.14) to the output is that we need to control two
parameters: v and win order to produce smooth output. Parameter v can be used to control
speed it determines the locomotion speed of the snake-like robot [41]. From our analysis
by simulation, as we control the frequency, v, we need to adjust w as well. The CPG output
will deteriorate if value of v is nearly to w, or if value of w is too large compared to v. To
overcome this issue, we introduce a variable, 7 as a single parameter to control both the

frequency, v and weight, w of the oscillator. The modification of (2.2) is as follows:
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=1
Téi =2nv+ Z wsin(ﬁj —0; — ¢) (2.19)
J#i

The variable 7 will not affect the phase locking of the output, where (2.13) can still be
maintained even though we introduced a new variable in (2.19). Fig. 2.7 shows the effect of
using 7 where Fig. 2.7 (a) is the outputs without variable 7, and Fig. 2.7 (b) is the outputs
with variable 7. For easy view, we bold one of the CPGs output. From Fig. 2.7, we can
see that by introducing variable 7, the frequency of the output can be controlled without
deteriorating the output or without needing to adjust the w , even the intrinsic frequency,

v is small.

APy x % x T Y S S S
X 1 X2 X3 X 4 X 1 X2 X3 X 4
1'58 10 12 14 16 18 20 -1'58 10 12 14 16 18 20
Time (s) Time (s)
(a) (b)

Figure 2.7. Effect of variable 7 to the output, (a) without 7, and (b) with 7 = 0.2.

]
— XXy XXy
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Figure 2.8. Convergence rate to phase locking state, (a) without 7, and (b) with 7 = 0.2.

In Fig. 2.8, we also analyze whether 7 gives any effects of convergence rate to phase
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locking state (i.e., stable state of the CPG output, z;). Since the frequency is controlled by
adjusting 7, we normalized the time by the output period, T in Fig. 2.7. We can see that
the convergence rate is the same in both Fig. 2.8 (a) and Fig. 2.8 (b), which is less than
0.1s and thus, by introducing parameter 7, the convergence rate of the CPG output, 2; can

still be maintained.

From (2.19), the value 7 should be < 1 to give effect to the output of CPG. If 7 > 1,

the performance of the output will deteriorate.

2.3.5 Effects of Parameter 7 to CPG Output Frequency

Fig. 2.9 shows how the parameter 7 affects the output frequency. The value of 7 is 1,
1/5, 1/10, 1/15, and 1/20 with constant intrinsic frequency, v = 0.1 and w = 10. As the
value of 7 decreases, the output frequency will increase. But as 7 gets smaller, the tendency
for the output frequency to increase is slower. Referring to the line connecting between

points in Fig. 2.9, we can see that the slope is getting smaller as 7 decreases.
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Figure 2.9. Effect of 7 to the output frequency.

From Fig. 2.9, we can deduce that there is a limitation for adjusting the output fre-
quency. The range of 7 can be set from 1 to 1/15 to make the changes of frequency to be

apparent. Also, if we set the value of 7 to be much smaller, the output wave will tend to
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deteriorate. For application to a snake-like robot, the frequency can be used as a control

parameter of the robot’s speed.

2.3.6 Frequency Transition

One of the requirements of high performance locomotion control of robots is a smooth
transition between different gaits. This is to avoid jerky or discontinuous locomotion which
may damage the gear box or actuator of the robots. To prove the proposed CPG model
can rapidly adapt to parameter change, we analyzed the reaction of the new parameter
7, by switching its value at random time instantly, whilst other CPG parameters are kept

constant for all period of time.

60 ; ; 15
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Figure 2.10. Behavior of CPGs when changing 7 at random time of 25s and 40s: (a) 6; with
respect to time, (b) output z; (rad), (c) example of output of one CPG.

Fig. 2.10 shows the behavior of our CPG model when changing the value of parameter 7

at random time of 25s and 40s. From this figure, we can see that the output is stable during
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the transition. The output converges to the desired traveling wave after a short transient

period. We can deduce that the CPG is adaptive to the change of parameter 7.

2.4 Implementation into a Snake-like Robot

Snake-like robot is one of an example of a mobile robot which has large degree of
freedoms. Many researches on controlling this kind of robot have been done based on
interaction between mutually connected CPGs. For a snake-like robot, the phase difference

should be adjusted continuously and must be easily controlled from head to tail.

Head
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Figure 2.11. CPG network implemented to control snake-like robot.
Our CPG network can be implemented in a snake-like robot as shown in Fig. 2.11. One
CPG will control one joint angle of the snake-like robot.

The propelling force of the serpentine motion on a snake-like robot comes from the inter-
action of the robot with the ground by swinging the joints from side to side [2]. Therefore,

it is crucial to control the joint angle with constant phase difference.
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Number of S-shape

Using the proposed structure of unidirectional coupling in Fig. 2.2 (b), the total phase

difference, ¢iorq; is given as follows:

¢total = n(b (220)

where n is the number of actuated joints from head to tail of the snake-like robot. To get
one S-shape locomotion, the total phase difference should be equal to 27. This is because,
the CPG output of each of the joint actuator of the snake-like robot is in sequence with
time at constant phase difference. Thus, the number of S-shape of the snake-like robot

locomotion can be given as:

N = ne/2r (2.21)

By changing the value of ¢, we can obtain the desired serpentine locomotion of the

snake-like robot, where (2.21) can be rearranged as follows:

¢ =2nN/n (2.22)

Hence, using (2.22), we can control the number of S-shape of the serpentine locomotion.
Note that, the calculation of number of S-shape is the same for both unidirectional and

bidirectional couplings.

2.5 Simulation Results

Simulation of a snake-like robot has been conducted to verify the proposed CPG-based
control method using open dynamic environment (ODE). Physical features of the snake-like
robot are listed in Table 2.4 where two passive wheels are adopted to realize the swinging

movement from side to side with ground asymmetric friction where the normal friction
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coefficient pp is larger than the tangential friction coeflicient pr. Number of S, can differ

depending on the number of joint, n.

Table 2.4. Physical parameters of simulated snake-like robot
Ttems Details

Snake units Su=mn
Size of snake unit 0.05x0.08x0.14m
Weight of snake unit | w = 0.1kg

Radius of wheel 7 = 0.06m
Thickness of wheel tw = 0.015m
Weight of wheel wy = 0.01kg

Friction coefficient un = 0.5; up =0.01

2.5.1 Control of Number of S-shape

The simulation results of the number of S-shape of the snake-like robot are shown in
Fig. 2.12. Based on (2.22), we change the value of ¢, to obtain different number of S-shape.
For instance, with number of actuated joint, n = 5 (equal to s, - 1), we can obtain desired
number of S-shape by plugging different value of N. In our analysis, we used N = 0.8, and 1,
where the value of ¢ = 87/25, and 27/5 respectively. Note that, the maximum or minimum
number of S-shape is strictly depended on the physical features of the snake-like robot. Due
to the limited numbers of the robot link, there will be a restriction in the number of S-shape
that the snake-like robot can perform. In our case, the largest number of S-shape is N =
1. Thus, controlling the number of S-shape is one of the important criteria for the snake

robot.

2.5.2 Forward and Backward Movement

Based on our analysis of the feedback connection of the CPGs, by changing the sign of
¢ of the first oscillator, we can change the output sequence of the CPGs. With that, using
ODE simulation, we further analyze what is the effect to the locomotion of the snake-like
robot. Since the CPGs output will be in reverse direction when we change the sign of ¢,

we then can control the movement direction the snake-like robot, as shown in Fig. 2.13.
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Figure 2.12. Different number of S-shape obtain by simulation (a) ¢ = 87/25 (N = 0.8),
(b) ¢ =27/5 (N =1).

(@

Figure 2.13. Movement of a snake-like robot by simulation (a) Forward movement (b)
Backward movement.
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The wave line in Fig. 2.13 is the trajectory of the center of mass (COM) of the head
of the snake robot. In Fig. 2.13 (a), all the other units of the snake-like robot follow the
head trajectory with forward motion. In Fig. 2.13 (b), the head trajectory line is at the
back of the snake-like robot because of the backward movement. Therefore, the other snake
units will not follow the head trajectory line. With this advantage, we can easily control
the forward and backward movement of our snake-like robot just by changing the sign of

the parameter ¢.

2.6 Discussion

Based on the simulation results, we have verified the proposed unidirectional CPG struc-
ture can be used to control the locomotion of a snake-like robot. By changing parameter ¢,
we can control: 1) number of S-shape of the snake-like robot, and 2) forward and backward
movement. However, the maximum number of S-shape should depend on the number of
the snake-like robot link. The higher the link number, the higher number of S-shape can
be performed. Also, there are specific procedures for the unidirectional CPG structure in

order to realize the locomotion control of the snake-like robot as mentioned in Section 2.3.

Furthermore, we have compared our CPG structure with the bidirectional structure.
With our proposed structure, we can achieve approximately the same convergence speed,
less mathematical computation, and simplified structure. With just a mutual coupling
between the first two CPGs, we can control our snake-like robot locomotion successfully

with homogeneous distribution between the output of the oscillators.

Comparing with the proposed CPG network by Wu [10], the mathematical model of
the CPG (Matsuoka oscillator) has indirect relationship between the parameters and its
output. A strong coupling between the parameters and the output increases the difficulty in
controlling the snake-like robot. Besides, there are limitations of the value of the parameters
which diminish the simplicity of the parameters selection. Though a simple unidirectional

coupling is used to control the snake-like robot, the feedback connection needs to be changed
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to control the number of S-shape of the snake-like robot. This task is complicated for
online modifications of the number of S-shape and is not practically achievable. Further

comparison of the locomotion control is discussed in Section 4.1.4.

2.7 Summary

In this chapter, we have proposed an approach to design a CPG network with simplified
structure to control the phase difference between coupled oscillators. Our proposed CPG
network has been proven to have: 1) simple structure, 2) less computational cost, 3) fast
convergence speed, and 4) converge to phase locking state. The phase difference can be used
to control the serpentine locomotion using the phase oscillators as the CPG mathematical
model. An additional parameter has been added to the phase oscillator to control the
frequency and the smoothness of the CPG output simultaneously. With the proposed
unidirectional network, the serpentine locomotion can be controlled by adjusting desired

number of S-shape in one period.
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Chapter 3

CPG-based Body Shape Control of
a Snake-like Robot

One of the interesting features of a natural snake is its body shape transition. Natural
snakes will change their body shape depending on the space it travels. Therefore, our goal
is to mimic the body shape transition feature into to a snake-like robot, to make it capable
traveling in different types of space and to avoid obstacles online. The target is to switch
motion patterns by simply tuning a single parameter. The basic idea of control is shown in

Fig. 3.1:

The wave line in Fig. 3.1 is the shape movement of the snake robot where the number
of S-shape of the snake robot increases or decreases depending on the space it travels or
avoiding an obstacle. The amplitude transition of the body shape of the snake-like robot
hence needs to be controlled during locomotion especially for rescue or searching purposes in

hazardous or dangerous environments where the operation space is beyond human reached.

Most of researchers focus on controlling the locomotion of mobile robots when moving
forward /backward with rhythmic movement patterns using CPG-based control. However,
switching locomotion mode of the mobile robots from one type to another online, has not

yet being analyzed. The output signals show unstable or discontinuous waves if the CPG
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Figure 3.1. Tllustration of snake movement: (a) in various dimensions of pipe, (b) avoiding
obstacle.

parameters are modulated instantly and cannot be directly changed when the robot is online.
To the extend of our knowledge, most of the previous works done by other researchers do
not consider transition of gaits or locomotion modes online especially for the body shape

transition of a snake-like robot.

Some papers do consider gait transitions, for instance [41] [68], but there is no analysis
on online transition. The authors mentioned on how to control the CPG parameters for gait
transitions, but the analysis is done separately. In other words, the authors modified the
parameters offline. In [68], the authors provide the CPG outputs for the transition between
swimming to walking of a salamander-like robot, but there is no simulation or experiment
verification of the online transition of the locomotion modes. All of these papers [41] [54] [68],
show deterioration in the CPG outputs when modifying the CPG parameters instantly,
but did not further discuss about the phenomena. To the best of our knowledge, the

discontinuity in the CPG outputs will affect the locomotion’s stability of a robot.
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Online transition of locomotion is a very significant requirement for a rescue robot.
Thus, this chapter will mainly discuss the said problem and propose a way to solve the

online transition issue focusing on body shape control of a snake-like robot.

3.1 Problem of Direct Phase Transition

Using (2.22), we can obtain the desired serpentine locomotion of the snake-like robot, by
modifying the value of ¢. To change body shape of a snake-like robot as shown in Fig. 3.1,
we can directly input the desired number of S-shape, N and obtain the necessary value of ¢.
The obtained value of ¢ then will be input in the modified phase oscillator model ((2.19))
to achieve the required output CPG, ;. Since the goal is to change the body shape of a
snake-like robot online, first, we need to investigate the behavior of the CPGs output during
direct ¢ transition, where the effect of manipulating the value of ¢ instantly at random time
is analyzed. Fig. 3.2 shows the simulation results when ¢ is changed from 7 /4 to 7/2. For

easy view, we just show result of two outputs of the CPGs.

15

Time (s)

(a)
Figure 3.2. Behavior of CPGs when ¢ is changed from 7 /4 to m/2 at time 5s: (a) 6; with

respect to time, (b) effect of ; to the CPGs output z;.

The outputs of CPGs produce sharp curve or discontinuity during the transition of ¢
from 7/4 to w/2 at time = 5s. This non-smooth transition is due to the sudden change
of ¢. Thus, manipulating ¢ directly to the joint motor of a snake-like robot might cause

unstable movements.
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There are two main problems of the phase transition: 1) there is a sharp edge at the
transition as shown in Fig. 3.2, and 2) there is more than one CPGs output to control
the snake-like robot, which produces different behavior of curve at the transition point, as
shown in Fig. 3.3. The transition point is defined as the point where the phase transition

starts.

Figure 3.3. Different behavior of CPG outputs at the transition point.

In Fig. 3.3, as number of CPG outputs increase, the behavior of transition point for each
output is different depending on the value of the output, z; during the transition time. From
analysis, as the output, z; approaching its peak value, there is smoother phase transition

at the transition point.

For further understanding, Fig. 3.4 (a) shows example of one of our CPG output with
different value of ¢. The value of ¢ for the left side curve in Fig. 3.4 (a) is /4 and the right
side curve is 7/2. In Fig. 3.4 (b), the two curves are joined together at their end/start points,
and clearly, it is continuous but it has a visible crease which is unacceptable for locomotion
of a snake-like robot. This sharp join results in sudden change or jerky movement of the
locomotion of the snake-like robot, which may damage the motor and gearbox of the snake-

like robot.
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Figure 3.4. Illustration of transition point of CPG output between two different value of
¢: (a) left side curve is /4 and the right side curve is 7/2, (b) the two curves are joined
together at their end/begin points.

3.2 Criteria of Desired Continuity and Smoothness of Loco-

motion

This section will discuss the definition of continuity and smoothness of the desired
CPG outputs curve. The measurement of continuity and smoothness of a curve is based
on parametric continuity, C, and geometric continuity, G,. Geometric continuity requires
the geometry to be continuous, while parametric continuity requires that the underlying
parameterizations be continuous as well. Further explanation on the continuity can be
found in [71]. In our case, the degree of smoothness that we desire for our snake-like robot
locomotion is at least Cy and Gy. It is easy to check that the CPG outputs are always 0¢"-
order continuity, Cyp and Gy. To analyze Cj of the modified phase oscillator model (2.19),
we need to calculate its derivative with respect to time, ¢t. Thus, by using a chain rule, the

derivative of (2.19) is obtained as follows:
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r6; = — Wi [0 cos(6; — 0ij)] (3.1)

and we differentiate again (7) with respect to ¢, to analyze Cs:

76; = wii[[67 cos(6; — 0; — dij)] — b cos(0; — 6 — ¢i))] (3.2)

From (3.1) and (3.2), it can be directly figured out that the two equations do not imply
C1 and (5 by substituting ¢;; = ¢1 before the phase transition and ¢;; = ¢2 after the phase

transition.

Additionally, the curve of the CPG outputs produce a kink during the phase transition
(refer Fig. 3.2 (b)). It does not imply G; and G2 as well, because the tangent direction
changes discontinuously at the kink. In Fig. 3.5, we define the criteria of a smooth curve
based on the geometric continuity. In the next subsection, we will propose an approach to

solve the addressed phase transition problem.

Go
Curve is continuous, but
M m j\ will probably have visible
crease / sharp point

transition End point  Start point
point

Gf Gf

,/7 Start line Curve is continuous, but

will probably have visible

transition End line crease / sharp point
point

End circle  Start circle G:

1 } Reflections will change
e B ) smoothly as well

transition
point

Figure 3.5. Description of geometric continuity for Gy, G; and Gs.
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3.2.1 A method for Smooth Phase Transition - Introducing an Activation
Function

In previous section, we have already shown the effect of manipulating parameter ¢
instantly. As a result of the sudden change of ¢, the outputs of the CPG will not be
smoothed, which can causes an unstable movement of the snake-like robot. Thus, we
introduce a method to control the phase transition by introducing an activation function.
For simplicity, we have selected linear bipolar as our activation function, where ¢ change

linearly with respect to time during the phase transition.

The linear bipolar has been selected as activation function for modulating smooth phase
transition because of its output behavior that is linearly increased with the independent
variable. Fig. 3.6 illustrates the main idea of manipulating ¢ from ¢; to ¢ as time ¢
increases from #; to f3. ¢ can be either increased or decreased as time increases. We
will derive a general mathematical model that describes both situations as depicted in

Fig. 3.6 (a) and Fig. 3.6 (b).

Figure 3.6. Linear bipolar: (a) ¢ linear increase, (b) ¢ linear decrease.

The mathematical model that describes relationship between ¢ and time, ¢ so that at

t, ¢ is ¢1 and at 2, ¢ will be ¢ is as follows:

¢=¢1—altt—1) (3.3)
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a = ¢1(No/N1)(1 = (N1/N2))/(t2 — 1) (3.4)

where

o1 t<t
p=19 d1—alth—1t) H<t<t (3.5)
05 >ty

The details derivation of a mathematical model for (3.3) and (3.4) that describes
relationship between ¢ and time, ¢ so that at ¢, ¢ is ¢1 and at tp, ¢ will be ¢o are as

follows:

Step 1: Derive the relation between ¢; and ¢2 by manipulating (2.22): n = 27N / ¢, we

obtain:

¢1 = (N1/Na2)po (3.6)

Step 2: Derive general equation for the linear bipolar

Let the general equation be (K and z are unknowns to be derived):

¢=Kt+z (3.7)
At tll
z = gbl — Ktl (3.8)
At fo:
Zz = ¢2 — th (3.9)
Substitute (3.6) into (3.8):
z = (Nl/NQ)d)Q — Ktl (310)
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Equate (3.9) and (3.10):
¢2 — Kto = (N1/Na)d2 — Kty (3.11)

Solving for K:
K= ¢a(1 = (N1/N2))/(ta — t1) (3.12)
Substitute (3.12) into (3.8), and solve for z:

z=¢1 — [p2(1 — (N1/N2))/(t2 — t1)]ta (3.13)

Step 3: The linear bipolar function

let:
a = ¢1(No/N1)(1 = (N1/N2))/(t2 — 1)
Finally we obtain:

¢=¢1—a(tt—t)

From (3.3), the S-shape locomotion can be easily controlled by substituting the desired
value of Np. The parameters ¢; and N; are all predefined constant values. (fo — #;) is
the transition time of the phase difference ¢; to ¢o. t; is the trigger time for the phase

transition.

3.2.2 Analysis of Parametric Continuity

To begin, the analysis should be divided into two parts because it is a piecewise linear
activation function. The first part is at ¢ = ¢;, while the second part is at t = #. To analyze
C) properties, we refer to (3.1). For the first part of the analysis, we substitute ¢; into
(3.1):

7'9z = —wz-j [01 COS(HJ‘ — 01 — ¢1)] (3.14)
Then, we substitute (3.3) into (3.1):
7'(91 = — Wi [91 COS(@j — 91 — (gf)l — Oé(tl — t)))] (3.15)
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at t = t1, we obtain:

7'9z = —Wjj [01 COS(HJ‘ — 01 — ¢1)] (3.16)

For the second part of the analysis, we repeat the same procedure as the first part of the

analysis at ¢t = 3, and obtain the following:

70; = —wij[0; cos(0; — 0; — )] (3.17)
for both left-hand side and right-hand side of .

The analysis of the Cy continuity is similar with the Cj continuity, using (3.2), where

we can directly obtain the following:

7'(91 = w”[[ef COS(HJ' - 91 - (;52)] — éCOS(@j — 91 — ¢2)] (318)
for both left-hand side and right-hand side at both #; and ts.

The results directly clarify the C} and Cy continuity of the piecewise activation function.

3.2.3 Analysis of Geometric Continuity

Fig. 3.7 shows the results of the outputs of CPG when applying the derived linear
bipolar function (3.3) into our CPG model. There is a smooth linear changed during the ¢
transition. In this simulation, we use ¢1 = 7/4, ¢2 = 7/2, n = 8, and to — t; = 1s. Here,
¢1 corresponds to N1 = 1, and ¢2 corresponds to No = 2. In Fig. 3.8, we invert the value

of ¢1 to ¢ and vice versa while keeping the other parameters unchanged.

By incorporating our proposed activation function, we can obtain smooth linear change
of the CPGs output. In Fig. 3.7, at transition time from 5s to 6s, the output z; changes

smoothly with time.

In order to verify the desired geometric continuity, Go is achievable using our proposed

method, we calculate the difference in slope of 6; before and after the phase transition at
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Figure 3.7. Behavior of CPGs when ¢ is changed from 7/4 to 7/2: (a) 6; with respect to
time (b) output z;.

X; (rad)

Time (s
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Figure 3.8. Behavior of CPGs when ¢ is changed from 7/2 to 7/4: (a) 6; with respect to
time (b) output z;.
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two transition points: 1) the starting transition point, and 2) the end of the transition

point. The general calculation is given as follows:

|Slopeye fore — Slope, frer| < 0.01 (3.19)

The criterion of 70.01” is randomly chose based on the time step use in the simulation,

where the error is small enough to be ignored.

Based on the calculation at the two transition points, it is found that the difference in
slope before and after the phase transition at the two transition points is less than 0.01,
which met the set criterion. Also, it is known that the parametric continuity of order n
implies geometric continuity of order n, and the C, continuity has already been proved in
the previous subsection. Hence, it is clarified that the proposed method for smooth phase

transition achieves the desired geometric continuity, Gos.

3.3 Simulation Results

For further verification, we show the simulation results of the proposed mathematical
model. In the simulation, each joint is driven by an oscillator. The CPG outputs are used
as angle inputs to the joints. The angle signal of the robot’s joint, joint-angle/i] is calculated

by

joint_anglefi] = B; (3.20)

where 3 is a gain from the control signal to the joint angle; and z; is the output from i-th

oscillator.

3.3.1 Movement of the Snake-like Robot

Fig. 3.9 shows the locomotion of simulated snake-like robot without applying the acti-

vation function.
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(a) (b)

Figure 3.9. Locomotion of simulated snake-like robot with direct phase transition: (a) ¢
from 7/2 to w/4, (b) ¢ from w/4 to w/2.

The trace line in Fig. 3.9 shows the trajectory of the COM of the head of the snake
robot. The trace line in the round-dash line in Fig. 3.9 (a) and Fig. 3.4 (b) shows clearly
the sharp edge during the phase transition. The robot’s direction is uncertain due to the
discontinuity in the forward movement of the robot, which vigorously confirms the drawback

of the direct phase transition.

b)

Figure 3.10. Simulation result of snake-like robot locomotion using activation function: (a)
¢ = m/4 (b) transition of ¢ from 7 /4 to /2 (c) ¢ = /2.

In Fig. 3.10, the body shape of the snake-like robot changes smoothly during the tran-
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®)

Figure 3.11. Simulation result of snake-like robot locomotion using activation function: (a)
¢ = m/2 (b) transition of ¢ from 7/2 to /4 (c) ¢ = 7 /4.

sition of ¢ from 7/4 to 7/2 by incorporating the activation function. In Fig. 3.11, we invert
the value ¢ from 7/2 to w/4. For easy view, in Fig. 3.12, we show the trajectory of the

head of the simulated snake-like robot during transition of ¢ from 7/2 to w/4.

0 0.4 - |tran5rt|0n endsl
o |trar15'ftinr1 5tart5| ,i
x? r %
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2 04-
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Figure 3.12. Simulation result of trajectory of snake-like robot locomotion: transition of ¢
from 7/2 to m/4.

Based on the simulation results, we conclude that, it is essential to incorporate the
activation function for phase transition to produce smooth locomotion of the snake-like

robot.
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3.3.2 Torque Analysis

The smoothness transition of the CPG outputs also affects the smoothness of the joint
torque during the phase transition. The abrupt change of the phase will cause an abrupt
change of the joint torque. We can get the information of the joint torque by applying
the joint torque feedback function called "dJointSetFeedback()” and ”dJointGetFeedback()”
provided by the ODE. In Fig. 3.13, we present torque analysis for the first joint of the
snake-like robot. Due to the symmetric gaits, it is expected that the torque results are

almost the same for other joints as shown in Fig. 3.18 and Fig. 3.19.

Torque (Nm)

Torque (Nm)
I

-15 T T T T T T T
5
(b)
Time (s)

Figure 3.13. Torque of the first joint for transition of ¢ from 7 /4 to 7 /2: (a) direct transition
(b) with activation function.

The total square-sum of joint torques for joint; (i= 1,..,n) is illustrated in Fig. 3.14 and
figure Fig. 3.15. Fig. 3.14 shows the total square-sum of joint torques when changing ¢ from
w/4 to w/2 (i.e., changing N = 1 to N = 2) whereas Fig. 3.15 shows the total square-sum

of joint torques when changing ¢ from /2 to 7/4 (i.e., changing N =2 to N = 1).

From our analysis, the torque will be affected by the transition of phase due to the
stability of the CPG outputs before reaching the phase locking state. When the CPG

outputs are perturbed, it needs time to converge to its steady state. In Fig. 3.13, at the
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Figure 3.14. Total square-sum of joint torques for joint; (i = 1,..,n) when changing ¢ from
w/4 to w/2: (a) direct transition (b) with activation function.
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Figure 3.15. Total square-sum of joint torques for joint; (i = 1,..,n) when changing ¢ from
m/2 to w/4: (a) direct transition (b) with activation function.
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initial stage (time < 0.2s), there is a peak in the torque profile. This is because the CPG has
yet reached its steady state (i.e., the CPG has yet converged to its limit cycle). During the
transition of the phase (between time 5s to 6s, Fig. 3.13 (b)), there is a small fluctuation due
to the perturbation (change in the value of the CPG parameter). The small fluctuation is
due to the linear parameter change of the ¢ with time (because the linear bipolar activation
function is incorporated). Conversely, in Fig. 3.13 (a), the sudden change of the ¢ results a

high peak of torque during the transition.

£ 20
=

10 A

[}

|9 — ¢2| (degree)

Torque (

30 60

Figure 3.16. Maximum torque generated on the first joint for |¢; - ¢2| without activation
function (direct phase transition).

In Fig. 3.16, we show the maximum torque generated by the first joint for different
|¢1 - ¢2| with direct phase transition, which results in nonlinear profile. As the difference
between ¢ and ¢o gets larger, it produces higher peak of the torque. The reason behind
this is due to the sudden and large change from the initial position to its new position. The
larger the change of the slope of 6; after the phase transition, the larger the peak of the

torque produces during the phase transition.
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Figure 3.17. Behavior of torque of the first joint during phase transition for |¢; - ¢2| with
activation function, the transition time is between 5s to 6s.

On the contrary, by incorporating the activation function, the change of the torque is
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nearly constant between 1 Nm to -1 Nm for various value of |¢; - ¢2| (please refer Fig. 3.17).
This is due to the linear change of the ¢ which directly affects the output of the CPG. By
comparing the torque results between the direct phase transition and the activation function
approach, we prove that the activation function approach gives nearly a constant torque

during the phase transition.

Following Fig. 3.18 and Fig. 3.19 are the results of the middle joint torques. For sim-
plicity, we only show the torque results for the third, fourth and fifth joints of the snake-like
robot locomotion. The results of all of the joint torques are approximately the same and
overlap with each other. Fig. 3.18 show the torque results when number of S-shape is

changed from N=1to N = 2 (i.e., ¢ is changed from 7/4 to w/2) and Fig. 3.19 shows the

vice versa.
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Figure 3.18. Torque of the middle joints when changing ¢ from 7/4 to 7/2: (a) direct
transition (b) with activation function.

3.3.3 Future Application

Various potential and useful applications of the proposed body shape control can be
used for snake-like robot locomotion. This section presents the preliminary works for the

future applications. Fig. 3.20 shows an example of obstacle avoidance using our proposed

control method.
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Figure 3.19. Torque of the middle joints when changing ¢ from /2 to 7w/4: (a) direct
transition (b) with activation function.

Figure 3.20. Potential application using our proposed body shape control: obstacle avoid-
ance.
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3.3.4 Control System Design

We can apply the control of the body shape transition into a snake-like robot to move
into a different space width or to avoid an obstacle, as shown in Section 3.3.3. For instance,
IR sensors can be installed at the head of the snake-like robot, or at the side of its body

depending on the application. The trigger of the phase transition is ¢ with appropriate Ns.

Fg
\\/\&\
\
\
o \
\
\
obstacle

Figure 3.21. Schematic of sensor-based obstacle avoidance.

To set the parameter of (3.3), (t2 — #1) is set to 1s (this value is selected based on in
depth analysis), where the value is the minimum value to obtain a smooth phase transition
without any jerky movement of the snake-like robot. In Fig. 3.21, d is the distance from the
obstacle to the starting of the phase transition, ¢;. The distance should be in appropriate
length to ensure the snake-like robot is totally changed to its final S-shape, No. In the
simulation environment (Fig. 3.20), the parameters ¢; and N are calculated directly from
the obstacle and the head of the snake-like robot. Fig. 3.22 shows the flow chart of the

CPG-controlled process.

3.4 Discussion

Based on the simulation results, we conclude that by incorporating the activation func-
tion, smooth phase transition can be produced compared to direct transition at anytime
instantly. Using the activation function, we can set any value of ¢ that corresponds to
the desired number of S-shape. The advantage of this method is we can control the body
shape of the snake-like robot at anytime by triggering ¢,. With this advantage, we can plan

whether to change the body shape before or during entering a different space width. This
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Figure 3.22. Flow chart of the CPG-controlled process.

is the superiority over [72], where the bias can only be added when the signals is at zero

point to avoid sudden change or discontinuity of the output signal.

Furthermore, the activation function is a simple linear piece-wise function. The deriva-
tion is done to achieve the main goal, i.e., to control one of the CPG parameter, ¢ in
relation with the number of S-shape of the snake-like robot. The simplicity in controlling
the smooth body shape transition promises a light computational cost, easy implementa-
tion, simple control and understandable by readers who may not familiar with CPG-based
control. This idea is a preliminary work for potential applications in wave-based locomotion

systems.

As shown in Fig. 3.3, the behavior at the transition point of each CPG output is different,
depending on the transition point during the start of the phase transition. The CPG outputs
produce an apparent kink as the transition point is away from the peak signal. Thus, the
activation function is formulated to tackle the worst case of the discontinuous change in the
tangent direction at the kink, which is at the middle or between the zero point to the peak
point. Based on our analysis, parametric continuity C> and geometric continuity, Go are

sufficient to obtain smoothness of robot’s locomotion during the phase transition.
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In addition, the fluctuation of the joint torque is in a small range and nearly constant
for every |¢1 - ¢2| by implementing the activation function during the phase transition.
Compared with the direct phase transition, our proposed method produces good results of
locomotion as well as the joint torque. Moreover, we found that the body shape curvature
does not affect the torque except during the phase transition. With this, we know that the
joint torque of the snake-like robot is not affected by the locomotion curvature. Therefore,

the forward speed of the snake-like robot can be maintained during the locomotion.

However, right after the phase transition, we found that the direction of the snake-like
robot deviates from its initial position (position before the phase transition starts). Based
on initial analysis, the causes of the problems are due to: 1) slippery between the wheel
and ground, 2) forward speed, 3) friction coefficient (surface parameter), 4) hardness of the
ground, and 5) slip coefficients in tangential and normal direction. This is unacceptable for
our snake-like robot locomotion during entering a narrow space because it may hit the wall

or deviate from our desired path, but it is useful for obstacle avoidance.

3.5 Summary

In this chapter, we have proposed an approach to control the body shape of a snake-like
robot by manipulating a single parameter, ¢. By introducing an activation function during
phase transition, we can get smooth movement of the snake-like robot. Simulation results
confirmed the validity of our control method. There are two main conclusions: 1) the
activation function can produce smooth phase transition, and 2) the body shape curvature

does not effect the torque except during the phase transition.

Although we have successfully produced smooth change of the CPG outputs during
phase transition, there is a problem that we encountered during our analysis. From our
analysis by ODE simulations, we found that, after the phase transition, there is a small
change of the direction of the snake-like robot. As our future work, we will investigate on

how to encounter this problem so it would not effect our snake-like robot direction.
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Chapter 4

Versatile Locomotion based on
Body Shape Control for Obstacle

Avoidance

Snakes are known to have the adaptability to transform its body shape depending on the
environment they travel. This feature is useful to be applied into a snake-like robot to adapt
to various barriers or avoiding obstacles, which is important for rescuing and searching tasks.
However, for mimicking the fundamental locomotion of animals are difficult problems due
to their complex body coordination and interactions with the environment. The efficiency

of the animals moving adaptively to its surrounding is still beyond the reached of robots.

This chapter focuses on the motion control of a bio-inspired snake-like robot for avoiding
an obstacle. Different types of bio-inspired mobile robots offer different ways of avoiding
obstacles or barrier. For instance, biped hopping robot [73] can utilize its two legs to
jump over a barrier. In [13] [74], the quadruped robot crosses an obstacle by lifting up
their legs according to the obstacles height. While in [75], the amphibious robot uses its
e-Paddle mechanism combining the wheel-legged gait to move in unstructured environment.

All of these bio-inspired mobile robots provide high maneuverability for obstacle avoidance
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but offer less locomotion stability than the snake-like robot. Furthermore, the ability of
the snake-like robot to sneak in narrow space environments surpasses the mobility of the

conventional wheeled, tracked, and legged robots.

We will mainly discuss the body shape control of a snake-like robot to move into variable
width of path for two different purposes: 1) turning motion, and 2) straight-path motion.
Based on the proposed model of the body shape transition, turning motion and straight-

path motion can be controlled using one control parameter of the CPG.

Thus, this chapter is divided into two major parts: the first part is discussing the turning

motion, and the second part is focusing on the straight-path motion of a snake-like robot.

4.1 CPG-based Turning Motion Control of a Snake-like

Robot

This section presents a biomimetic approach based on central pattern generator (CPG),
to control turning motion of a snake-like robot. One of the interesting features of a biolog-
ical snake is its ability to avoid obstacles or a barrier by turning its whole body from its
trajectory. This special obstacle avoidance motion is different from other types of animal,

and thus, it is worth to be analyzed and realized into a snake-like robot.

In general, there are two ways for a snake to avoid obstacle; 1) by crawling over the
obstacle, and 2) by turning its direction. It depends on the size and shape of the obstacle.
For mimicking either methods, it is limited on the design of the snake-like robot. In this
study, the focus will be on method 2 which is suitable for wheeled snake-like robot. Fig. 4.1

illustrates the turning motion of a snake-like robot when it encounters a barrier.

The main focuses of this section is to produce the turning motion of a snake-like robot
based on our proposed CPGs network. The well-known control of turning motion for a
snake-like robot is the amplitude modulation method (AMM) [10] [72]. A bias will be

added to the output signal where an asymmetric swing of joint will lead to a change in the
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Moving direction

Axis of locomotion

Figure 4.1. Turning motion of a snake-like robot when encounters a barrier.

motion direction. One of the major drawback of the AMM is that, the bias can only be
added when the signals are at zero point to avoid sudden change or discontinuity of the
output signal during the turning motion. Another turning method proposed by Crespi et
al. [68], is by varying the offset and the amplitude bodys wave of a salamander-like robot.
In [76], the authors exploit the obstacles to aid the locomotion of the snake-like robot,
instead of avoiding it. This method shows a surplus of a snake-like robot locomotion over
other types of mobile robot. However, it applies only for some limited situations such as

scattered obstacles and round-shape obstacles.

All of the methods for turning motion mentioned previously utilize the amplitude as the
control parameter. To the best of our knowledge, there are only few papers that utilize phase
difference to control the turning motion: 1) for a fish-like robot [11] and 2) phase modulation
method for a snake-like robot [77]. For bio-inspired robot which has independent left and
right input control (different actuator) for example, flapping wings of a fish-like robot [11],
the turning control is easy by just inputting different value of the control parameter for
both sides. This is different for a snake-like robot, which utilize only one input signal for
each joint and is dependent to its neighboring unit. In [77], phase modulation method is
introduced to control turning motion of a snake-like robot, but results in discontinuity of
the input angle. Thus, in this section, we introduce a simple way to control the turning
motion of a snake-like robot which produces continuous input angle using the same control

parameter that is, the phase difference.
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4.1.1 Change in Locomotion’s Direction

By using the phase transition to control the body shape of the snake-like robot, the
direction of the snake-like robot deviates from its original position, that is, position before
the phase transition starts. From our analysis by simulation, there is a small change in the
direction of the snake-like robot after the phase transition and it is more apparent when
changing ¢ from large to small i.e., decreasing the number of S-shape, N for example from

2 to 1. Fig. 3.10 and Fig. 3.11 show the simulation results by open dynamic engine (ODE).

As N is changed from bigger to smaller value (refer Fig. 3.11), the deviation from
its original position becomes apparent. From our analysis, the parameter control of the
deviation are: 1) control of frequency, v and 2) difference between value of ¢; and ¢s.
Frequency can be used for controlling locomotion speed of the snake-like robot [41], and

thus contributes to the deviation of the trajectory.

Fig. 4.2 shows clearly the deviation of trajectory when we change ¢ from 7/2 to /6.
The simulation result is the trajectory of the head of the simulated snake-like robot, and
the body shape is modified from N = 2 to N = 0.67 at random time using the activation

function in (3.3).

y

L.

— Before transition
— - During transition
B, ' — After transition

Figure 4.2. Simulation result of trajectory of a snake-like robot (position is in meter).
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4.1.2 Turning Direction

The superiority of our proposed method for turning control over other methods (for
example [72]) is the ability of the snake-like robot to maintain a smooth and continuous
change of the joint angles at anytime during the locomotion. The turning motion can be
implemented as at any desired time just by controlling the starting of the phase transition,
t;. The control of the direction of the turning can be easily controlled by the positive or
negative value of the CPG output, x; during the start of the phase transition. Thus, in
cases where the direction of turning is important, the sign of z; at ¢ needs to be identified.
Fig. 4.3 shows an example of right and left turning motion with different starting point of
phase transition. The small boxes in Fig. 4.3 are the starting point of the phase transition
with the same value of t; for two trajectories. Different speed was used by controlling v to

get different sign of the CPG output (positive and negative) at the same .
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Figure 4.3. Direction of turning for left and right.

If the output signal is positive, the turning direction will be to the negative of the y-axis,
and vice versa. If the right turning is defined at the negative signal of the y-axis, and the
left turning is at the positive signal of the y-axis, therefore, it can be concluded that the
turning direction of the snake-like robot can be controlled by the positive or negative value

of the CPG output, z; during the start of the phase transition, as follows:



Right, if z; is positive
Turning direction = (4.1)

Left, if z; is negative

4.1.3 Control of the Deviation Angle

The following Fig. 4.4 and Fig. 4.5 show how the deviation are affected by the two
control parameters i.e., frequency and difference between value of ¢; and ¢o. In these two
simulations, the results of the locomotion trajectory are shown by changing value of ¢ from
large to small. In Fig. 5, the value of ¢; is /2 and the value of ¢ is w/4. It can be
found that different value of frequency, v gives little effect to the deviation angles. The
deviation angles are almost the same, which is not suitable to control the turning motion

of the snake-like robot.

| v=0.6 —v=0.7 ——v=0.8

position x-axis (m)

Figure 4.4. Analysis of trajectory’s deviation with different value of v(rad/s).

Fig. 4.5, shows the trajectories of the deviation angle while keeping the value of ¢
constant i.e., /2 and varying the value of ¢o with v = 0.5, and A = 1.0. The small box
in Fig. 4.5 marks the start of the transition from ¢; to ¢o. It shows that the deviation
angle becomes more apparent as the difference between (41 - ¢2) becomes larger. Fig. 4.6

summarizes the relationship between deviation angle with respect to (¢ - ¢2) where the
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deviation angle is increasing nonlinearly with the increase of (¢ - ¢2). Thus, the value of

(¢1 - ¢2) can be increased for producing larger turning angle.
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Figure 4.5. Analysis of trajectory’s deviation with different value of ¢.
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4.1.4 Motion Optimization

Figure 4.6. Deviation angle with respect to (¢1 - ¢2).

Another advantage of our proposed phase transition method is the motion optimization.

The propellant force of a snake-like robot can be optimized by controlling the locomotion

curvature. Detailed analysis about the interaction between a snake-like robot and ground

can be found in [78]. As shown in Fig. 4.7, increasing the rotation angle, 1, will increase
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the forward force. Adopting Coulomb friction model, the relationship between the forward

force and 1, are described as follows:

[y = —prmpgsign(6Pr')
(4.2)

[y = —nnmpgsign(d¥r™)
where f; and f}; are the components of friction in tangential and normal directions, respec-
tively, exerted on the pth (p = 1, 2,...) module of a snake-like robot. pr and uy are the

friction coefficients; m,, is the weight of the pth module; 67! and 677" are the tangential

and normal displacements of the pth at the contacting point, respectively.

! y

" fp
X f[;(

p

_—
M ovement direction

Figure 4.7. Relationship between forward force and locomotion curvature.

Based on the coordinate system shown in Fig. 4.7, where z-axis is set as the forward

direction of the snake-like robot, the resultant friction force can be obtained as follows:

fo= f;, cos Py — fy sinty

f% :f;Sinwp+fZCOS¢p

where f and f7 are the resultant force in z and y direction, respectively. To avoid backward

(4.3)

slippage, sufficient friction needs to be generated along the x direction. There are two ways
in obtaining necessary resultant force in the forward direction: 1) anisotropic friction with
pn larger than pg, and 2) with the increasing of v,. The second option can be controlled by

our proposed phase transition, where the v, can be increased or decreased by changing the
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locomotion curvature. Not all cases need to have a large locomotion curvature, for instance,
climbing a slope [79], where the most efficient locomotion is when the number of S-shape,

Nis 2.

Figure 4.8. Locomotion optimization in large space.

Another vital point is the body shape adaptation to the surrounding space. This feature
of body shape transition is important especially for searching and rescuing tasks. The spaces
for instance, after a disaster will be differ with many obstacles surround, thus, an ability of

turning motion with body shape transition of a snake-like robot is highly required.

Figure 4.9. Body shape adaptivity with limited space.

There are two ways in controlling the amplitude of the curvature of a snake-like robot,

as shown in Fig. 4.10: 1) amplitude-controlled, or 2) number of S-shape.

In Fig. 4.10 (a), we can easily control the amplitude using parameter, A. This work
has been done in [10] [72] but using different mathematical model. The superiority of

our proposed method of controlling the number of S-shape (Fig. 4.10 (b)) for adaptive
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Figure 4.10. Control of locomotion curvature: (a) amplitude-controlled, (b) number of
S-shape.

locomotion curvature as compared to the amplitude-controlled are: 1) the joint torques is
lower and uniformed for all joints (refer Fig. 4.11), 2) the phase transition controlled can be
modified online without needing to stop the robot, and 3) the number of S-shape transition

resembles closely the biological snakes when adapting to different space width.

[INm] (@)

Figure 4.11. Joint torques for a snake-like robot: (a) for amplitude-controlled, (b) for
number of S-shape.

The simulation results in Fig. 4.11 show examples of joint torques for joint 1, joint 3,
joint 5 and joint 8. We can see that there is a fluctuation of the torque for the amplitude-
controlled method. Inversely, for the number of S-shape method, the torque profile shows

uniform range of torque between £0.6 Nm.

Beside energy consumption, another important criteria needs to investigate is the ef-
ficiency of forward distance traveled. Based on our analysis through the simulation ex-
periment, the amplitude-controlled method give an advantage of larger forward distance
traveled as compared to the number of S-shape method, but the difference is not signifi-

cant. The total forward distance traveled in one period for the amplitude controlled method
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is approximately 1.101m, while the traveling distance for the number of S-shape method
in one period is approximately 1.052m. In the simulation, the same setup is used for both

methods.

4.2 CPG-based Straight-path Motion Control of a Snake-like

Robot

Maintaining a straight-path for locomotion of a snake-like robot can be easily controlled
using any control architecture such as sine-based, model-based or others. For locomotion
efficiency, some control parameters need to be adjusted for the snake-like robot to adapt to
the surrounding, for example, the speed, the body shape, the turning motion and others.
However, a problem occurs when one or more of the control parameters are modified online,

where the trajectory of the snake-like robot will deviate from its original path.

This section focuses on a straight-path control of a snake-like robot for body shape
transition. Here, the definition of straight-path is maintaining the moving direction of the
snake-like robot with respect to the axis of locomotion. Fig. 4.12 illustrates the body shape
transition of a snake-like robot avoiding an obstacle and adapting to various space width.
For rescuing and searching tasks, online modification of the control parameters is crucial

for realizing the versatility of the robot’s locomotion.

Most of the papers focusing on a snake-like robot locomotion did not consider or discuss
in details the deviation of trajectory after modifying control parameters online. In [68], the
authors successfully controlled the locomotion of a salamander-like robot including its speed,
turning and and swimming. However, details of discussion regarding online parameter
modification were not presented. Furthermore, in [11] [41] [68] [72], all of the authors present
a control strategy for turning motion by modifying one of the control parameter. One can
clearly observe that by adjusting any control parameter online, it will cause the robot
to deviate from its initial trajectory, and thus, perform a turning motion by appropriate

control. To the best of our knowledge, the issue of online modification while maintaining
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Figure 4.12. Various locomotion of a Snake-like robot: (a) avoiding obstacle, (b) moving in
a different space width.

straight-path locomotion especially on a snake-like robot has not yet been discussed in
detail by other researchers. In this paper, the main goal is to minimize the deviation of
the trajectory after adjusting the control parameter online. It should be noted that, the
deviation of trajectory is also due to several factors such as slippage between the wheel and
the ground (friction), surface parameter and other factors that are beyond human control

and beyond a non model-based control.

In [80], it is mentioned that the trajectory of the snake-like robot will deviate after
the phase transition. Although the body shape control has successfully achieved without
any unstable behavior of the snake-like robot, the deviation of the trajectory should also
be considered. The deviation of trajectory is useful for turning motion [81], however some
applications need a straight-path forward locomotion. For example, when a snake-like
robot moving from a large space into a narrow tunnel as illustrated in Fig. 4.12 (b). If the

straight-path locomotion cannot be controlled, the snake-like robot may hit the wall.

To overcome this problem, two control strategies for straight path locomotion of a snake-
like robot will be proposed using the derived linear bipolar function ((3.3)). Two control
parameters have been analyzed namely: 1) the transition time of the phase transition,

(t2 — t1) and 2) the trigger time, #;.
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4.2.1 Transition Time of the Phase Transition

In this section, two transition times of the phase transition, (#; — ¢;) are compared with
different value of frequency, v. The reason of using different value of v is because v can be
adjusted as a control parameter for robot’s speed. Note that, speed of a wheeled mobile
robot affects the slippage between the wheel and the ground. The higher the speed, the
higher the slippage. In this paper, the main focus is on the parameters in (3.3), therefore,
the effects of the CPG parameters in (2.19) will not be discussed in detail. Another vital
point to mention is the deviation of trajectory cannot be fully eliminated due to slippage,
and thus, the main goal is to minimize the deviation of the trajectory of the snake-like robot

before and after body shape transition.
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Figure 4.13. Simulation result of the trajectory of a simulated snake-like robot: transition

of ¢ from 7/2 to 7/4 (a) v= 0.5 (rad/s) (b) v = 1.0 (rad/s).

Fig. 4.13 (a) and Fig. 4.13 (b) show the trajectory of the simulated snake-like robot when

vis 0.5 and 1.0 respectively. Two different values of (t2 — ;) are compared. Two conclusions
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can be made from the results: 1) as (t2 — ¢1) gets higher, the deviation of trajectory can
be minimized to its original axis, and 2) as the speed increases, the longer time (t, — #;) is
needed to minimize the deviation of trajectory. However, the snake-like robot needs longer
time to change its body shape completely, which means a longer distance, d is needed to

trigger the phase transition from the obstacle, as shown in Fig. 4.14.

tl:

: obstacle
L | | |
F1od i

obstacle

Figure 4.14. Schematic of a snake-like robot when encounters obstacles.

For further clarification, torque profiles of the first joint of the simulated snake-like
robot are presented in Fig. 4.15. It shows that the torque increases linearly before and after
the transition starts as (fo — t1) gets higher, whereas, with smaller (& — #1), the torque
profile shows a bent or crook before and after the transition (please focus on the box).
Furthermore, the torque fluctuates more frequent during the phase transition for smaller
(t2 — t1). This situation contributes to the deviation of the snake-like robot’s trajectory.

Thus, with lower rate of change of ¢, the fluctuation of torque can be minimized.

4.2.2 Trigger Time of the Phase Transition

Another control parameter that can be used to control the straight-path locomotion
of a snake-like robot is the trigger time, ¢;. In [72], the authors mentioned that the CPG
output can only be adjusted when the signals is at zero point, to avoid any sudden or
discontinuous change of joint angle and results in turning motion. It is common to add a
bias for turning motion of a mobile robot so the balance is broken and the motion direction
is changed [11] [41] [68] [72]. However, using the proposed linear bipolar activation (3.3),
the straight path motion can be controlled by adding a bias when the signals is at zero

point. This is the novelty of the approach which is different from other previous researches.
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Figure 4.15. Torque profile of the first joint of a simulated snake-like robot: transition of ¢
from 7/2 to w/4 (a) v= 0.5 (rad/s) (b) v= 1.0 (rad/s).
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In (4.4), t, is the consecutive time taken between each of the CPG output to be at zero

point as shown in Fig. 4.16. ¢; is the initial value inputs by the user.

ty = ¢1/2m (4.4)
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Figure 4.16. Illustration of ¢, calculation for four CPG outputs.

Fig. 4.17 shows the trajectory of the head of the simulated snake-like robot with different
t1 and (to — t;) = 1s . The result shows the position of the snake-like robot in y-axis with
respect to time because the goal is to maintain the direction of the snake-like robot with
respect to the axis of locomotion (x-axis) regardless the forward path it travels. The value
of t; is set randomly to show clearly the effect of the start point of the phase transition
to the direction of the snake-like robot. As the phase transition starts, the point which is
nearest to zero in the y-axis produces less deviation of the snake-like robot trajectory after
the transition (see t; = 3s). Conversely, at t; = 2s, where the start point of the transition
is at the peak point approximately, the trajectory results in large deviation after the phase

transition.

One drawback of this method is the phase transition needs to start at zero point, which
diminish the advantage of incorporating the linear bipolar activation function, as the goal

is to start the phase transition at any time instantly.
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Figure 4.17. Trajectory of the simulated snake-like robot with different ¢,.

In other words, the phase transition needs to be started at zero point to maintain the

straight-path of the snake-like robot.

4.2.3 Control Strategy

Fig. 4.18 shows a control strategy for both methods and it has been verified through

the ODE simulation platform.

Herein, method 1 and method 2 mean manipulating (t2 —t;) and #; as control parameter,
respectively. After selecting a motion and a method that is best suit to the situation, the
appropriate value of the control parameters is decided. Then, the CPG outputs will be
calculated and input to the PWM motor as joint angles. Finally, the first unit (head) of

the snake-like robot will transmit the data to the other joints consecutively.

The proposed control strategy is realized into a simulated snake-like robot, which is
shown in Fig. 4.19. The application for both methods is similar i.e., to maintain a straight-
path when moving in a different space width by utilizing body shape transition, and thus,
the simulation result is shown only for method 1. The parameters are set as follows: (to—t;)
= 2s, n =8, and v = 0.5. ¢ corresponds to N; = 2, and ¢, corresponds to No = 1. The
value of ¢ is /2 and 7/4, depending on the situation of the snake-like robot as depicted in

Fig. 4.19 (1).

Fig. 4.20 (a) and Fig. 4.10 (b) show the trajectory of the head (first unit) of the simulated
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Figure 4.18. Flow chart of the control strategy.
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Figure 4.19. Locomotion of a snake-like robot when moving in different space width.

89



snake-like robot using method 1 and method 2 respectively. For further clarity, the body
shape of the snake-like robot is changed twice, from large curvature to small curvature, and
vice versa. No discontinuity or feasible cease occurs during the body shape transition as

well as any obvious deviation of the trajectory before and after the transition.

g 0
2 (a)
G
>
c
i)
@)
Qo
| (b)
Position x-axis (m)

Figure 4.20. Trajectory of the head of the snake-like robot: (a) method 1, and (b) method
2

4.3 Parameters Selection for Locomotion Control of a Snake-

like Robot

Due to the same control parameter in (3.3) is used for achieving both motion of a
snake-like robot: 1) straight-path motion, and 2) turning motion, appropriate value of the
parameter should be analyzed carefully. In this section, further analysis has been conducted

for selection of parameters to control both motions.

Following Fig. 4.21 shows nonlinear behavior between (¢9 — ¢;) and deviation angle
for various value of (tp — t1). As (fp — 1) gets higher, straight-path locomotion can be
maintained and the deviation angle can be minimized. For turning motion, we can select

lower value of (t2 — t1) to get higher turning angle.
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Figure 4.21. Different value of (t2 — t;) with respect to (¢g — ¢;).

From these results, desired locomotion control of a snake-like robot can be achieved by

selecting (t — t1) with respect to (¢ — ¢;).

In Fig. 4.22; the simulation results of the trajectory of the head of a snake-like robot
are presented with different (¢9 — ¢;) when (tp — t1) = 1s. As (¢ — ¢;) gets larger, the
deviation of trajectory becomes apparent. Thus, two important parameters need to be

controlled rigorously, that is, (&2 — t1) with respect to (¢y — ¢1).

For further clarification on the behavior of the snake-like robot locomotion during the
body shape transition, torque analysis has been done for various combinations of (tx—t ) and
(¢g — ¢1) (Fig. 4.24). Three torque profiles for (&, — ¢;) = 1s and 3s are shown, respectively,
when : 1) (¢ — 1) = 7/12, 2) (¢py — ¢1) = ©/4, and 3) (¢ — ¢;) = 7/3. The starting
point of the phase transition is marked with dashed line. For easy view, the results of the

torque profile are shown only for the first joint of the snake-like robot.

From the torque profile, it can be deduced that the change of the robot’s position results
in the change of the joint torque. The main influence of the deviation is the fluctuation of
torque at the starting of the phase transition. Fluctuation of torque becomes apparent with

larger (9 — ¢1). The larger the (¢ — @), the frequent the torque fluctuates after the phase

91



|— (02 -¢1) =12 — ($2 - ¢1) = /3

.
w,
ha
X )

\
\
- — \
r ~— ]
ot . ;
F - /
{ e o
| . .
3 b
,
"
N,
“
‘k.
\
\
e \
o ., b
A . j
7 ~ /
7 ~— '}
~. e
\ e
)
N
5
1
j
§
o et
Gt e W R

i i
Mg 2
My, ot
P

(b)

Figure 4.22. Simulation results of trajectory of a snake-like robot (position is in meter)
when (tp — t;) = 1s for different value of (¢ — ¢;).
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Figure 4.23. Simulation results of trajectory of a snake-like robot (position is in meter) for
different value of (¢5 — ¢;) when (t2 — t1) = (a) 1s, and (b) 3s.
transition, and fluctuates inconsistently. This condition results in unstable locomotion of

the snake-like robot, thus, results in deviation of its trajectory or direction.

4.3.1 Discussion

An ODE simulator has been adopted for testing the feasibility of the proposed turning
motion and straight-path motion for a snake-like robot. The simulation results show a
promising approach in controlling smooth and continuous turning motion which can be
applied for obstacle avoidance. Even though experimental verifications are not presented

yet in this chapter, the simulation results can still be reliable [77] [78].

For turning motion, the amplitude modulation method proposed in [72] [77] shows
several disadvantages such as: 1) the turning radius is big, turning angle is confined to
the amplitude of serpenoid curve, and 3) the amplitude can only be modulated when the
input angle is at zero. Nevertheless, the advantages of the amplitude modulation are its
continuous input angle value when it changes from forward movement to turning movement
and its control is simple. Meanwhile, for the phase modulation method proposed in [77],
it also addresses a limitation of the method, where the input angle is discontinuous during

the transition from forward motion to turning motion. This results in large sliding of
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the snake-like robot’s motion. By applying our proposed activation function for controlling
phase transition, smooth and continuous locomotion of the snake-like robot can be obtained.
All of the said drawbacks for amplitude modulation and phase modulation methods have
been overcome by our simple method. In addition, our simplified CPG structure with
phase oscillator model promises an easy way of integrating feedback information. Another
advantage of the phase transition method for turning motion is the ability to control the

number of S-shape to adapt to the surrounding.

For straight-path motion, two methods have been proposed for controlling straight-path
locomotion of a snake-like robot by manipulating (#; — 1) and # as control parameter, re-
spectively. The results prove the efficiency of both methods without producing any unstable
movement and the ability of minimizing deviation of trajectory before and after the body
shape transition of the snake-like robot. The advantage of using (¢, — t1) as control param-
eter is that the transition can be initiated at any time, whereas for method 2, using ¢; as
the control parameter will reduce the transition time, consequently reduce the distance, d
(refer Fig. 4.16) needed for the snake-like robot to fully transform to its new body shape.
However, both methods have their own drawback. As for method 1, longer distance, d, is
required for fully transform due to the longer transition time. For method 2, the body shape
transition needs to be started at zero point, which restricts the advantage of incorporating
the linear bipolar function. Thus, either methods should be selected based on the suitability

of the environment and situation.

The novelty of the approaches presented in this chapter is the parameter used for both
turning and straight-path motion control is independent from the parameters of the CPG
mathematical model. Previous studies focus on the CPG parameters to control a snake-like
robot locomotion such as speed and amplitude. By incorporating the derived linear bipolar
function (3.3), a smooth change of the body shape as well as the deviation of trajectory
can be controlled. It is no doubt that speed of the robot contributes to the slippage when

adding a bias to the control signal, which results in deviation from the robot’s original path,
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but the key point is to minimize the slippage regardless of its speed by manipulating the

linear bipolar parameters.

However, due to the influence of external parameters such as slippage between the
wheel and the ground (friction) and hardness of the ground and surface parameter, which
are beyond control, the exact turning angle may not be accurate. Moreover, to get perfect
straight-path motion is also impossible due to the external factors. Thus, experimental

results may be different from the results in the simulation environment.

4.3.2 Summary

The proposed body shape control for a snake-like robot can be used for turning motion
and straight-path motion. The advantage of the phase transition method is that the bias
to the output signal can be altered at any random time for online modification. Using the
phase transition method, a smooth body shape transition and continuous input angle can
be achieved, with turning and straight-path control ability to adapt to the surrounding.
For straight-path motion, two methods have been proposed for the locomotion control: by

manipulating (&, — ¢;) or #;.

Based on the relationship between parameter (t; — ¢) with respect to (¢ — ¢, ), desired
turning or straight-path motion of a snake-like robot can be achieved for adapting to the

environment.
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Chapter 5

Experimental Verifications

One of the advantage of the CPG-based controller is the smoothing gaits transition
which depends on communication between modules. For the control system of our snake-
like robot, we implement a distributed controller where each of the snake joint is responsible
for calculating its own CPG output to perform the desired joint angle. The distribute system
is fast, because there is no need to communicate with a central controller especially for large
number of joints. Each of the snake joint receives information from its neighbor joints to
produce the required joint position. Detail of the control system and the communication

protocol are provided in the Appendix.

In this section, we verify our proposed locomotion control into our snake-like robot
called SR-I. Its physical properties are described in Table 5.1. Fig. 5.1 shows the image
of our snake-like robot with different number of joint. Structure of one link of the SR-I
is shown in Fig. 5.1. Note that, we can increase or decrease the number of snake units, n
depending on our objective. For this experiments, we will use only 4 units to verify our

CPG model. In the future, we will increase the number of snake units for larger mobility.

For the experiment, each joint of the snake-like robot is controlled by one MCU where
each MCU controls and sends the CPG output signal, x; to the motors. Communication
between each joint is done using Inter-Integrated Circuit (I2C). The control system design

of the snake-like robot is shown in Fig. 5.3.
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(a)

Figure 5.1. Snake-like robot for experimental analysis with different number of joints: (a)
8 joints, and (b) 4 joints.

(b)

Figure 5.2. Structure of one link in SR-I.

Head MCU#1 MCU#2 MCU#3 ™~

SISOl
PWM]  PWM ] PWM] PWM ]

Motor Motor Motor Motor

Figure 5.3. Control system design.
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Table 5.1. Description of the parameters

Items Details

Snake unit n

Size of each unit [mm?] 130x62x77
Weight of each unit [kg] 0.28

Motion range of yaw angle [deg] | [-90,+90]
Actuator RC servo motor

5.1 Analysis of CPGs with Phase Oscillator Model

This section shows the verifications of the locomotion of the snake-like robot for different
number of S-shape, and, forward and backward motions based on the proposed unidirec-
tional CPG network in Section 2.2.2. The CPG parameters used in this experiment are as

follows: v = 0.1, w;; = 10, and 7 = 1.

5.1.1 Control of Number of S-shape

To verify the number of S-shape, N, we can observe locomotion curvature of the snake-
like robot. For instance, in Fig. 5.4, we illustrate on how we define number of S-shape of
a snake-like robot. Two ways to recognize the number of S-shape: 1) the amplitude of the
locomotion curvature will become smaller as N gets higher, and 2) number of peaks of the

locomotion’s wave.

(a) (b)
Figure 5.4. Definition of number of S-shape (a) N = 1.0, (b) N = 1.5.

In this experiment, due to lower number of joints (n = 4), we only show two different
number of S-shape for ¢ = 7/2 (N = 1.0), and (b) ¢ = 37/4 (N = 1.5). For N = 1.0
(Fig. 5.5 (a)), the locomotion curvature is symmetric as one period of wave. Meanwhile, for

N = 1.5, we can observe that the locomotion curvature has three peaks (see Fig. 5.5 (b)),
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which are identical to Fig. 5.4 (b). The number of S-shape can be controlled by manipulating
the value of parameter ¢ using (2.22). The desired value of ¢ is inserted in (2.19) and the

calculated CPG output, x; with a gain inputs to the PWM to drive the joint motor.

Moving direction

Figure 5.5. Different number of S-shape obtain by experiment (a) ¢ = 7/2 (N = 1.0), (b)
¢ = 31/4 (N = 1.5).

In Fig. 5.5, the upper figures show the locomotion of the snake-like robot performing

the desired number of S-shape. The middle figures show the transition of the locomotion
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curvature before performing the motion shown in the bottom figures, which is the mirrored

version of the locomotion curvature shown in the upper figures.

5.1.2 Forward and Backward Movement

For forward and backward movement, the only change of the CPG parameters is the
sign of the ¢, where we can control the output sequence of the CPGs. Referring to Section
2.3.2, the sign (£) of parameter ¢ for oscillator 1 should always be opposite to the other
oscillators. For forward movement, the sign of ¢ for oscillator 1 is negative (-), which results
in ascending order of the CPG outputs, whereas for backward movement, the sign of the
¢ is reversed. For the experimental verification, the setting of CPG parameters is similar
as the simulation, and the value of ¢ is selected arbitrarily. Fig. 5.6 shows the control of
forward movement of the snake-like robot, while Fig. 5.7 shows the control of the backward

movement.

5.2 Body Shape Control of the Snake-like Robot

In Chapter 3, we showed that by changing the value of ¢, we can change the S-shape
of the snake-like robot. However, if we modify ¢ instantly online, the snake-like robot
movement becomes unstable. This motion is not desired as it will damage the gear box or
the joint motor. Therefore, in this section, we experimentally verify our proposed linear
bipolar activation function (3.3) for smooth body shape transition of the snake-like robot.
The CPG parameters used in this experiment are as follows: v = 0.1, w;; = 10, and 7 = 1.
Value of ¢ differs from the simulation setup because less actuated joints were used in the

experiment.

Fig. 5.8 (a) shows a body shape transition of the snake-like robot from ¢ = 7/2 (N =
1.0) to ¢ = 3w/4 (N = 1.5) when (t; — t1) = 1s. The top figure in Fig. 5.8 (a) shows the
initial body shape (N = 1.0), while the middle figure shows the body shape transition from

N =1.0 to N = 1.5, and the bottom figure shows the final body shape (N = 1.5).
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Moving direction

Figure 5.6. Forward movement of a snake-like robot.
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Moving direction

Figure 5.7. Backward movement of a snake-like robot.
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Similar with the simulation results in Fig. 3.10, the direction of the snake-like robot
results in less deviation if we change the value of ¢ from small to large. In the next section,
we will show the effect of the snake-like robot’s direction when we change ¢ from large
to small. Thus, with the experimental verification in Fig. 5.8 (a), we had successfully
achieved body shape transition using our proposed linear bipolar activation (3.3), without

any unstable movement of the snake-like robot occurs during the experiment.

5.3 Versatile Locomotion based on Body Shape Control for

Obstacle Avoidance

Using the body shape control model in the previous section, locomotion of a snake-like
robot can be achieved in two ways: 1) straight-path motion, and 2) turning motion. This
section shows the experimental verifications on a real snake-like robot for different these
two different motions. The CPG parameters used in this experiment are as follows: v =
0.1, w;; = 10, and 7 = 1. Small value of v is selected to lower the speed of the snake-like

robot.

5.3.1 Turning Motion

Turning motion of a snake-like robot can be realized by modifying value of ¢ from large
to small. In Fig. 5.8 (b), the body shape is changed from ¢ = 37/4 (N = 1.5) to ¢ = 7/2
(N =1.0) for (t2 — t1) = 1s. With small (f, — #;), the rate of the phase transition becomes
higher, which causes a large deviation of the snake-like robot’s direction. Due to the limited

number of joints, we only show one experimental verification for the turning motion.

The experimental result in Fig. 5.8 proves that as the value of ¢ changes from large to
small, the deviation of trajectory of the snake-like robot becomes apparent. For simulation

results please refer to Fig. 3.10 and Fig. 3.11.

In Fig. 5.9, the experimental result shows the locomotion of the snake-like on rough
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(b)

Figure 5.8. Body shape transition on smooth surface when (o — ¢1) = 1s from: (a) ¢ = 7/2
(N=1.0)to ¢ =3n/4 (N=15),and (b) ¢ = 3r/4 (N=1.5) to ¢ = 7/2 (N = 1.0).
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surface. The deviation angle maybe different depending on the surface properties, however,
this result shows that deviation angle becomes apparent when N is changed from small to

large regardless the surface parameters.

5.3.2 Straight-path Motion

Some situations need a straight-path motion of a snake-like robot, for instance, when
moving from a large space into a narrow tunnel. In Section 4.2, we have already analyzed
two control strategies: 1) the transition time of the phase transition, (&2 — ¢;) (method 1)
and 2) the trigger time, ¢; (method 2), for controlling a straight-path motion of a snake-like
robot and showed the simulation results. In this section, we further verify the straight-path

motion into a snake-like robot.

Since the application for both control strategies is similar i.e., to maintain a straight-
path, the experiment is done only for method 1. The parameters are set as follows: (to —t;)

= 2s and 3s, v = 0.1, w;; = 10, and 7 = 1.

As the roughness of the surface increases, the deviation of the trajectory can be mini-
mized further, as shown in Fig. 5.10 for smooth surface and Fig. 5.11 for rough surface, due

to less slippage between the robot’s wheels and the surface.

5.4 Summary

Our experimental results verify the efficiency of our proposed CPG model. However,
due to the influences of external parameters such as slippage between the wheel and the
ground (friction) and hardness of the ground and surface parameter, which are beyond our
control, it is difficult to achieve the same results as the simulation. The exact turning angle
may not be accurate and a perfect straight-path motion is also impossible. Another factor
of the discrepancies is the control of the servo motor which sometimes differs in their home
position, which results in difficulty to maintain symmetric body shape and straight forward

motion.

106



Figure 5.9. Body shape transition on rough surface when (f — ¢;) = 1s from: (a) ¢ = 7/2
(N=1.0)to ¢ = 37/4 (N=1.5), and (b) ¢ = 37/4 (N = 1.5) to ¢ = 7/2 (N = 1.0).
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(@) (b)

Figure 5.10. Body shape transition from ¢ = 37/4 (N = 1.5) to ¢ = 7/2 (N = 1.0) when:
(a) (2 —t1) = 2s, and (b) (2 — t1) = 3s.
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Figure 5.11. Body shape transition on rough surface from ¢ = 37/4 (N = 1.5) to ¢ = 7/2
(N = 1.0) when: (a) (to — t1) = 2s, and (b) (o — t1) = 3s.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

CPG-based approach can be used to control various locomotion of a snake-like robot.
The phase oscillator network has been selected to represent the dynamic model of the
CPG. Using the phase oscillator model, we have developed a simple unidirectional CPG
network to control the phase difference between coupled oscillators. This proposed unique
CPG structure has been compared with the existence bidirectional coupling in term of their
convergence speed and computational cost. It has been proven that our proposed CPG
structure is simple, less computational cost, fast convergence speed and converge to phase
locking state. Furthermore, we have also verified the network stability which can produce

distributed wave form with the control of phase difference.

By controlling the phase difference, we can mimic the serpentine locomotion of a bio-
logical snake with symmetric S-shape. However, there is a restriction on the selection of
the frequency and the weight of the oscillator. This restriction has been solved by adding
a parameter to control both frequency and weight in an appropriate range. With the pro-
posed unidirectional network, we can also realize the forward and backward movement by

only changing the sign of the phase difference control parameter.

Due to the significant feature of online parameter modification, we have proposed an
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activation function for controlling the body shape of a snake-like robot, which can be mod-
ified online at any random time. This novel approach of body shape transition has been
analyzed thoroughly in term of the smoothness of the output signal and torque profile of the
snake-like robot’s joint. A simple linear bipolar function has been developed to control the
phase transition, which results in the modifying of the number of S-shape. Thus, various
applications can be achieved due to the online modification ability of the locomotion of the

snake-like robot.

Using the developed activation function, we proposed a control strategy for two different
kinds of motion: 1) turning motion, and 2) straight-path motion.The same parameter has
been used to control both motions with appropriate selection of the parameter value. This
is the superiority of our proposed control method where same parameter can be utilized to
produce two different motions. The turning motion can be easily produced by giving bias to
the output signal, which has been proposed by various researches. The difference between
the turning method is the selection of the control parameter to produce bias to the output
signal. However, to achieve a straight-path motion when parameter is modified online is not
an easy task. Up till now, there is no discussion on the straight-motion control. But we have
solved this problem by proposing a parameter to control both turning and straight-path

motions.

However, due to the influence of external parameters such as slippage between the
wheel and the ground (friction) and hardness of the ground and surface parameter, which
are beyond control, the exact turning angle may not be accurate. Moreover, to get perfect
straight-path motion is also impossible due to the external factors, but the key point is to
minimize the deviation of trajectory by manipulating the linear bipolar parameters. Thus,

experimental results may be different from the results in the simulation environment.

In conclusion, the novel CPG structure and the developed activation function for con-
trolling body shape online of a snake-like robot can be used to realize the serpentine loco-

motion. A single control parameter of the phase oscillator model can produce various kinds
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of versatile locomotion: S-shape motion, forward and backward motion, turning motion,

and straight-path motion.

6.2 Future Work

Although various locomotion control of snake-like robot has been proposed, there is
a large number of problems still remaining for realization on practical snake-like robots,
both in software and hardware. For our future works, we will continue investigating the
appropriate control system of the joint motor, sensors and the software programming to
realize the proposed locomotion. Moreover, for our ongoing work, we will analyze the

followings:

1) various activation functions to produce smooth parameter transition, which can be

used generally in other kinds of mobile robot.

2) the radius of the curvature with respect to ¢. If we can develop a quantitative
analysis of the radius of curvature with respect to the parameter, we can easily control the

appropriate body shape of the snake-like robot to adapt to obstacles of different size.

3) implementing sensory feedback information into the CPG model for adaptive and
autonomous control. Easy integration of the sensor to obtain feedback information from
the environment is one of the advantage of the CPG. Thus, it should be implemented in

our future works.

4) further implementation of the control strategies on the real snake-like robot. Verifi-

cations on real field experiment is useful to show the effectiveness of the proposed control.
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Appendix A

Control System

Following circuit board shown in Fig. A.1 is used to drive one servo motor. Each of
the snake-like robot’s joint is controlled by one servo motor, and communicate through
Inter-Integrated Circuit (1?C) bus protocol. To perform different experiments for various
locomotion control of the snake-like robot, we can just modify the program code inside the

micro controller without needing to modify the circuit design.

Figure A.1. Circuit board for controlling the servo motor.
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The schematic drawing of the circuit board and the layout of the print-circuit-board

(PCB) are shown in Fig. A.2 and Fig. A.3, respectively.
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Figure A.2. Schematic of the circuit board.

The circuit board is designed based on the Arduino Nano controller as shown in Fig. A.4.
We use Arduino Nano due to its lower cost, easy implementation and simple to write the
program code. The software for the Arduino is an open source which has many libraries
to be used for controlling mobile robots. For our experiments, we have used two libraries
to control the servo motor and to communicate between joints i.e., servo.h and wire.h,
respectively. This safe our time in programming a large code and building a simple circuit

board.
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Figure A.3. Layout of the PCB.

CEXEEEE K3 X .—:‘:II;II"-'-V--..

t' 90 <Q-90,S0° ¥0 €0_20 QNS 1SY OXY XL
5 o

¥/ i . FN

"N, 0 3

\\\ /, )nnnumoc y o3
O

ii T

3 -A4 RQS’ A6 A7 5V RST
%,, cl < B ‘g- -& -&

>

Il!lllllll!llll.

Figure A.4. Arduino Nano: front (left), and rear (right).
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Appendix B

Communication Protocol

Fig. B.1 shows the architecture of the control system for realizing the locomotion of the
snake-like robot. 2C communication between the Arduino Nano is shown in Fig. B.1 (a),
where SDA and SCL pins are used for data line and clock line respectively. The MCUs
have to share the ground pin. Data transfer between CPGs is shown in Fig. B.1 (b). Each
of the MCU is assigned the task to calculate and send the CPG output z; to the servo, and
transfer ; to the other oscillator through bus communication. For our CPG network, the
first joint (master) and the second joint communicates bidirectionally, whereas the other
joints (third joint and other) only receive input from the previous joint. The programming

is done using the open-source Arduino environment version Arduino 1.0.6-r2.

Fig. B.2 shows the overview of the communication protocol between the controllers.

The general code of the protocol is as following:
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M aster:

NOoO o WNE

fori=1

request data from second controller
convert received bytes from integer to float
calculates 6,

send data to second controller

calculates x;

write x; to servo

Slave (second controller):

~NOoO oA~ WN B

fori=2

request data from master

convert received bytes from integer to float
calculates 6,

send datato master and third controller
calculates X,

write X, to servo

Slave (other controllers):

~NOoO o WNE

forj=i+1

request datafrom j-1 controller

convert received bytes from integer to float
calculates 6,

send datato j+1

calculates x;

write x; to servo
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Figure B.1. Control system for the snake-like robot: (a) Communication design between
the MCUs, and (b) the CPG network
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