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1. Introduction

A robot is capable of autonomous mobile, and by changing its morphologies in response
to various environments/tasks it is expected to work on fixed environment/task such as
production line and building maintenance system as well as highly uncertain situation such
as rescues and planetary explorations. A reconfigurable robot is a representative example
of a robot which is able to work well in such situation, and can maximize adaptability of
a system via wide variety of morphology changing in response to the environments/tasks.
From such reasons, the reconfigurable robot has been studied since 1970s. In these studies,
categories of reconfigurability research in robotics are divided into two broad classes:

Intra-reconfigurability and Inter-reconfigurability.

1.1 Previous and Related Studies

Intra-reconfigurable robot is while itself is independent robot, and is capable of chang-
ing their own morphologies involving mechanical parts, actuators and sensor morphologies
as well as power and controller. Intra-reconfigurability has been studied generally around
mobility, adaptability, sensors and computing. Intra-reconfigurability for mobility im-
proves the flexibility of traversing over variety of terrains and spaces such as land, air and
water. For example, a robot might transform into a wheeled type on the plane, or into
a sphere type on the slope. Thus, intra-reconfigurability provides highly adaptability in
response to local environments/tasks through morphology changing. Fig. 1.1 depicts the
concept of intra-reconfigurability.

[1] has proposed a reconfigurable platform based on OPEN-R. The proposed platform
has been capable of reconfiguring from legged type into wheeled type easily. [2] has de-
veloped AZIMUT which is a mobile robotic platform combining wheels and legs. [3] has

developed a versatile amphibious robot based on an eccentric paddle mechanism (ePad-

1
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Fig. — 1.1 Conceptual depiction of intra-reconfigurability

dle). And, the ePaddle concept by gait sequence and five kind of gait patterns have
been proposed. [4] has proposed an ankle rehabilitation robot allowing desirable ankle/-
leg motion, and being capable of reconfiguring from motion (ROM) /strengthening exercise
device into balance/proprioception exercise device. [5] has developed a Black Ghost Knife
Fish robot with wiggly fins. And by a reconfiguration approach, a new evolution for fin/-
body of a underwater robot has been derived. [6] has developed a wheeled reconfigurable
mobile robot. [7] with a focus on planetary surface vehicles, has presented a methodology
for determining optimal design of reconfigurable system. [7] has also proposed metrics for
assessing the impact of reconfigurability.

From above literatures, intra-reconfigurability can provide highly adaptability in re-
sponse to several limited environment/task, but the adaptability corresponding to un-
known environments/tasks is always finite.

Inter-reconfigurable robot organizes more complex morphology system through assem-
bly, disassembly and organized cooperation motion between homogeneous/heterogeneous
intelligent modules. Inter-reconfigurability consists of optimization of module/software
configuration and communication path, task planning and reciprocal recognition, and by
utilizing these it is capable of realizing specialized robot corresponding to a variety of en-
vironment, task and situation. Thus, inter-reconfigurability provides highly redundancy
corresponding to the module configuration and failures, also provides highly flexibility
according to the environments and the tasks. Fig. 1.2 depicts the concept of inter-

reconfigurable robot.



Fig. — 1.2 Conceptual depiction of inter-reconfigurability

[8] has demonstrated PolyBot which is one of the modular reconfigurable robot. The
module of the PolyBot consists of a joint with 1-DOF and two docking parts, and the
PolyBot has realized a snake-like robot and a roop-shape robot through assembly of
some modules. [9] has introduced a programmable Inter-Reconfigurable robot, and has
demonstrated how the robot can self-organize into a global structure by executing a
common graph grammar. Also this study has presented a challenge to the grammatical
method. [10] has presented SuperBot, a deployable multifunctional Inter-Reconfigurable
robotic system. And, 6 types of prototype modules have been built and have demonstrated
that SuperBot is flexible and powerful system via preliminary experiments. [11] has pre-
sented a programmable modular robotic system named Miche by using self- disassembly
approach. Each module has been allowed to connect and communicate with its immediate
neighbors. This study has demonstrated their hypothesis that making shapes by disas-
sembly is robust. [12] has presented Inter-Reconfigurable robot named swarm-bot which is
composed by autonomous mobile robot s-bot, and has discussed the self-assembling capa-
bilities of the robot. S-bots can either act independently or self-assemble into a swarm-bot
by using their grippers. This study has demonstrated self-assembly with s-bots.

From above literatures, inter-reconfigurability provides highly redundancy and flexi-
bility corresponding to unknown environments/tasks by configuring a new morphologies
through assembly, disassembly and organizing of some individual modules, but has a
disadvantage that it is difficult to possess optimal mechanisms corresponding to limited

environments/tasks.



1.2 Purpose: Nested Reconfigurability

This study aims to formulate a concept of nested reconfiguration which possesses both
intra- and inter- reconfiguration, and to develop a robot capable of achieving wide-ranging
tasks in highly uncertain environments through providing the nested reconfiguration.
Nested reconfigurable robot consists of modular robots capable of changing their mor-
phologies individually and assembly /disassembly/organizing system to configure a opti-
mal morphology in response to the given environments/tasks. Also, it has advantages of
both intra- and inter-reconfigurable robot, and provides higher adaptability and flexibility
corresponding to the given environments/tasks.

Fig. 1.3 depicts the concept of nested reconfigurability. From Fig. 1.3, characteristics
of nested reconfigurability are to configure new reconfigurable morphology by chang-
ing morphology of an individual reconfigurable robot (intra-reconfiguration), and assem-
bling/disassembling the individual reconfigurable robots (inter-reconfiguration). Thus, by
providing a new reconfigurability via reconfiguration of other reconfigurability, that is, by
nesting the reconfigurability, the resilience and flexibility of the system can be maximized
in various environments/tasks.

Individual modules must possess own controller, sensors, actuators, power, and docking
system for nested reconfigurable robot to involve both intra- and inter-reconfigurability. A
number of issues have to be addressed to implement nested reconfigurable robot. These
issues falls into two broad issues: hardware issues and software issues. The hardware

issues involve following topics:

e Development of intra-reconfigurable modular robot capable of maintaining compo-

nent assembly while changing its morphology.

e Development of docking system for homogeneous/heterogeneous intra-reconfigurable

modules.
e Development of mechanisms capable of sensory reconfiguration and sharing.
e Optimization of the torque-power-size tradeoff of the actuators.

e Development of energy efficiency systems and mechanisms for energy sharing.
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Fig. — 1.3 Concept of nested reconfigurability

The software issues involve following topics:

e Establishment of an algorithm optimizing intra- and inter-reconfiguration in re-

sponse to the environments/tasks/failures.

e Establishment of an assembly/disassembly algorithm realizing both inter- and intra-

reconfiguration.

e Formulation of communication framework for messaging both within individual com-

ponent robotic module as well as between robotic modules.

e Design of control system for both individual component robotic modules as well as

between robotic modules.

e Optimization of computational and energy loads through energy and sensory shar-



ing.

These issues have been addressed for either intra- or inter-reconfigurability, but there are
no studies for nested reconfigurability. This study supposes a multi-legged robot which
is required highly adaptability and flexibility in response to a various environments/tasks
as a pioneer of nested reconfigurability.

Legged robots have always been a preferred choice for a variety of applications like
search and rescue given their versatile and rugged locomotion capabilities. The choice
of legged mechanisms often responds to design requirements such as the ability to move
through irregular terrains or to increase stability, maneuverability or energy efficiency.
However, any valid gait reconfiguration —i.e, a useful change of walking pattern— in these
legged robots poses numerous opportunities as well as research challenges. Legged animals
coordinate a wide range of components and systems to walk adaptively and efficiently
under a variety of speeds, terrains and task goals including chasing, courtship and stealth.

The robotics literature shows a variety of design strategies to generate different gait
patterns in legged robots, including, to name a few: structural combination of rigid and
tensile structural elements [13], morphological computation [14], oscillator controller with
pneumatic actuators [15] and biomimetic adaptations based on ground contact timing [16]
or using sensorimotor coordination [17]. Alternatively, walking platforms based on one
degree-of-freedom reconfigurable planar leg mechanisms, that are capable of generating
multiple useful gaits, while maintaining simple control schemes can also be proposed.
For example, in [18], a reconfigurable Jansen leg that varies its hardware morphology
to produce a wide set of novel gaits by parametric changes of its components and sub-
assemblies was discussed. To ensure safe locomotion across a difficult terrain, a robot
must be able to stably switch between gaits either at rest or in motion. Literature
points a number of efforts to this end, [19] proposes an approach based on acyclic feed
forward motion patterns that allow a robot to switch from one gait to another. [20]
applies nonlinear oscillators to model Central Pattern Generators (CPGs) that is able to
initiate/stop locomotion; generate different gaits, and to easily select and switch between
the different gaits according to the speed and/or the behavioral context. [21] attempts to
induce a quadruped robot to walk and switch gaits dynamically on irregular terrain and

run on flat terrain by using a nervous system model.



In addition to this, many studies about the multi-legged robot are exist. Sebastian et
al. [22] presented their efforts in developing a six legged, bio-inspired, and energy efficient
robot (SpaceClimber 1) for extraterrestrial surface exploration, particularly for mobility
in lunar craters. Estremera et al. [23] elaborated the development of crab and turning
gaits for a hexapod robot, SILO-6, on a natural terrain containing uneven ground and
forbidden zones as well as an application to humanitarian demining. Moro et al. [24]
proposed an approach to directly map a range of gaits of a horse to a quadruped robot
with an intention of generating a more life-like locomotion cycle. This work also presented
the use of kinematic motion primitives in generating valid and stable walking, trotting,
and galloping gaits that were tested on a compliant quadruped robot. In these works, the
robots developed were generally effective in mimicking the gait cycles of their biological
counterparts, but they suffered from high payload-to-machine-load ratio and high energy
consumption.

Several approaches were studied in developing energy efficient walking machines. [25]
presented a set of rules towards improving energy efficiency in statically stable walking
robots by comparing two legged, namely mammal and insect, configurations on a hexapod
robotic platform. [26] applied minimization criteria for optimizing energy consumption in
a hexapod robot over every half a locomotion cycle, especially while walking on uneven
terrains. [27] put forward two different approaches to determine optimal feet forces and
joint torques for six legged robots towards minimizing energy consumption. Even though
many literatures have contributed for the multi-legged robot, still it has been providing
a number of challenges to researchers. And, since these multi-legged robots install some
actuators on each leg, and realize the locomotion by controlling these motions, the control
system must always involve complexity.

On the other hand, since nested reconfigurable robot developed in this study possesses
a intra-reconfigurable legged module, and this intra-reconfigurable legged module builds
basic systems of nested reconfigurable system, it is required to be able to drive with simple
motion. That is, since the developed intra-reconfigurable module is required to be able to
be driven with the lowest possible actuator, the complexity for walking should be involved

into mechanical system.



1.2.1 Theo Jansen Linkage Mechanism

As such mechanism, Theo Jansen, a Dutch kinetic artist, has invented the Jansen link-
age mechanism [28]. The Jansen linkage mechanism is a linkage mechanism which is
capable the walking locomotion by 1 DOF, and can drive by 1 DOF even if some legs
are coupled. Some literatures have reported about the Jansen linkage mechanism. Gies-
brecht et al. have shown analysis of the kinematics of the Jansen linkage mechanism [29],
derivation of the dynamics [30], optimization of the driving torque [31], and optimization
of link lengths for a gait pattern [32]. Moldvan et al. have proposed a new type walking
robot design with the Jansen linkage mechanism [33], and have shown analysis of the
kinematics utilizing CAD [34], optimal design of the new type robot [35], derivation of
forward kinematic equation [36], and gait synthesis utilizing Freudestein method [37].

However, since the Jansen linkage mechanism is one of closed linkage, it have only one
gait pattern. Thus, it have a disadvantage that it is the low adaptability for environments.
For such problem, Komoda et al. have realized gait patterns for climbing and stepping
by adding cyclic motions or up-down motions at the center joint to the normal motion of
the driving link [38,39]. This method is valid for climbing a single step, but for example,
in case of which new gaits are needed for terrains such as mud, the additional motions
have to be continued.

This study proposes a reconfigurable Jansen linkage mechanism as the intra-reconfigurable
module robot. The reconfigurable Jansen linkage mechanism is the Jansen linkage mech-
anism which have actuators at links and which is capable to depict various gait patterns
by changing the link length utilizing one of the features of the closed link mechanism in
which different gait patterns can be depicted according to the link length combination.
The reconfigurable Jansen linkage mechanism is utilized as the intra-reconfigurable mod-
ule robot possessing both reconfigurable mechanism and docking mechanism. And, legged

nested reconfigurable robot is realized by assembling these.

1.3 Summary of the Contents

In particular, firstly, development of the reconfigurable Jansen linkage mechanism is

reported as intra-reconfigurable module. Also, a useful application case of a control



method of the developed reconfigurable Jansen linkage mechanism is proposed. And, it is
shown that the most basic nested reconfigurable robot can be implemented by assembling
these. In addition, a control system of a walking robot with Jansen linkage mechanism
capable of driving with 1-DOF is designed. In development of reconfigurable Jansen
linkage mechanism, firstly, forward kinematics of Jansen linkage mechanism is derived,
and some interesting gait patterns are explored. Secondly, a gait transition method of
the explored gait patterns is proposed, and repeatability and possibility of both the gait
patterns and the gait transition method are demonstrated through experiments. As an
application case of control method of reconfigurable Jansen linkage mechanism, constant
speed control of the toe is proposed by utilizing the derived forward kinematics. A relation
between the toe speed and the driving link speed is formulated by utilizing the derived
forward kinematics, and by utilizing it, the angle variation of the driving link realizing the
constant speed of the toe is derived. And, it is verified that the constant speed locomotion
of the toe can be realized by the derived angle variation via a numerical simulation.

In development of the multi-legged nested reconfigurable robot, the multi-legged robot
assembling the developed reconfigurable Jansen linkage mechanisms is developed. And,
synchronization realizing the walking which is most basic locomotion strategy for the
multi-legged robot is presented. Also, two types of gait transition methods for the explored
gait patterns are presented, furthermore, it is verified that the walking and the gait
transitions with stable are realized by the presented synchronization and gait transition
methods via numerical simulations. In design of the control system of a walking robot with
Jansen linkage mechanism capable of driving with 1-DOF, the position control system of
the multi-legged nested reconfigurable robot with Jansen linkage mechanism capable of
driving with 1-DOF which is supposed to be designed in our future work is designed
based on the energy control. Also, it is verified that the position can be controlled by the
designed control system.

This study is organized from six chapters: Chapter 2 shows both the development
of the reconfigurable Jansen linkage mechanism as the intra-reconfigurable module, and
its effectiveness through experiments. Chapter 3 reports the speed control of the toe of
the Jansen linkage mechanism. The synchronization and the gait transition methods for

the multi-legged nested reconfigurable robot are shown in Chapter 4. In Chapter 5, the



position control system for the more developed multi-legged robot with the Jansen linkage

mechanism is designed. Chapter 6 concludes this study.

Chapter 2: A Reconfigurable Jansen Leg with Multiple Gait Patterns

Chapter 2 reports a reconfigurable approach to robotic legged locomotion that pro-
duces a wide variety of gait curves, opening new possibilities for innovative applications.
The main departure from the state of the art in this area is that large solution spaces
are generated using a one degree-of-freedom planar linkage, producing gait variance via
parametric changes of link lengths. Our ultimate aim is to build robots that can entirely
redesign their morphologies according to changes in the environment and to reflect their
learning of new abilities. Chapter 2 represents an initial step towards robots that self-
design themselves. We envision robots equipped with reconfigurable legs to generate a
large number of locomotion capabilities during their deployment. Alternatively, for tasks
that require single-purpose mechanisms, our approach can be used as a design approach to
explore and select optimal yet feasible configurations that can be used to build specialized
walking robots.

In particular, a novel reconfigurable Theo Jansen linkage that produces a wide variety of
gait cycles is reported (Fig. 1.4). The standard Theo Jansen linkage is a popular closed
kinematic chain suitable for developing legged robots, such pin-jointed planar linkage
operates with only one actuator —i.e., it is a Griibler kinematic chain. The proposed
design extends the capabilities of the original mechanism, while maintaining its mechanical
simplicity during normal operation, generating different useful gait patterns and behaviors
beyond locomotion.

The main challenges in designing a reconfigurable version of a Theo Jansen linkage
include the development of efficient approaches to trace foot trajectories —i.e. coupler
curves, the definition of the novelty and utility of the resulting foot trajectories, the
development of heuristics to guide the reconfiguration process, and the non-trivial process
of implementing theoretical designs generated analytically into physical mechanisms. All
these aspects are handled in Chapter 2, concluding with experimental results using a
prototype fabricated with a minimum amount of off-the-shelf parts. The reconfigurable
Theo Jansen linkage herein presented is an initial design and implementation of a four-

legged robot for testing different reconfiguration scenarios and control strategies for limb
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Fig. — 1.4 Prototype of a reconfigurable Jansen leg that extends the capabilities of the
original design, while maintaining its mechanical simplicity during normal
operation. This linkage, that switches from a pin-jointed Griibler kinematic
chain to a five degree-of-freedom mechanism with slider joints in the recon-
figuration process, not only produces different useful gait patterns but also
generates behaviors beyond locomotion.

11



specialization and graceful degradation.
Chapter 3: Speed Control of Jansen Linkage Mechanism for Exquisite Tasks

Chapter 3 generates the angle trajectory of the driving link capable of the constant
speed control of the toe of the Jansen linkage mechanism. In order to achieve it, the
forward kinematics of the Jansen linkage mechanism which boils down to the problem of
the Bilateraton is analyzed. In fact, it is proven that the norm of the toe speed bears
a proportionate relationship to the angular velocity of the driving link. And, the angle
trajectory of the driving link capable of the constant speed control of the toe of the
Jansen linkage mechanism is generated by utilizing the relationship. It is verified that
the constant speed control of the toe of the Jansen linkage mechanism is realized by the
generated trajectory via a numerical simulation.

Chapter 3 is presented as one of useful application case of the control methods for the
Jansen linkage mechanism. By applying this method, the speed of either the horizontal
or the vertical direction can be controlled as well as the norm of the toe speed. For
example, in the case of the multi-legged robot with the Jansen linkage mechanisms, since
the feeding speeds of the toes can be controlled arbitrarily, we can take an advantage that
it is become easy to consider the stability of the robot. Also, it seems that the method is
useful for the robot design as well. Because, the robot capable of maintaining a constant
toe speeds can be designed by designing non-circular gears based on the derived relational

expression. By taking such design, all toe speed is maintained constant even if the robot

is designed with 1-DOF.

Chapter 4: An Approach to Gait Synchronization and Transition for Recon-
figurable Walking Platforms

In Chapter 4, we present a method for the generation of input joint trajectories to
properly synchronize the movement of quadruped robots with reconfigurable legs. The
approach is exemplified in a four-legged robot with reconfigurable Jansen legs capable
of generating up to six useful different gait cycles. The proposed technique is validated
through simulated results that show the platform ’s stability across its six feasible walking
patterns and during gait transition phases, thus considerably extending the capabilities
of the non-reconfigurable design.

A fundamental problem of the gait reconfiguration solutions based on reconfigurable
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Fig. — 1.5 Legged robots based on one degree-of-freedom reconfigurable planar leg
mechanisms may operate in environments and tasks of high complexity while
maintaining simple control schemes. This four-legged robot is based on re-
configurable Jansen legs capable of generating up to six different gait cycles.

legged robots is to reach stability both in motion and rest, as well as while transforming
from one configuration to another with the minimum number of legs, while the complete
range of walking patterns is available. In Chapter 4, we discuss a method for the proper
generation of input joint trajectories to synchronize the different gait cycles and gait
transitions of quadruped robots with one degree-of-freedom reconfigurable legs. In order
to exemplify our approach, we focus on a four-legged robot with reconfigurable Jansen legs
(Fig. 1.5). Theoretically, such walking platform is capable of generating up to six useful
different walking patterns, resulting from the different gaits cycles of a reconfigurable
Jansen leg. It will be shown how, by using the proposed technique, all these feasible
patterns can be successfully attained. In this way, the capabilities of a quadruped robot

based on standard non-reconfigurable Jansen legs are considerably extended.
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Chapter 5: Dynamic Modeling and Nonlinear Position Control of a Quadruped
Robot with Theo Jansen Linkage Mechanisms

In Chapter 5, we perform dynamic modeling and analysis on a four-legged robot com-
posed of the Theo Jansen mechanisms which is never done in the literature. The projection
method is applied to derive the dynamic model because of its powerfulness in modeling
such complicated system. Then a position control strategy is proposed based on energy
control. Finally, numerical simulations validate the efficacy of the designed controller.

Lagrange’s method [40—42] is famous for deriving dynamic models. However, some-
times it is very difficult to build the dynamic model of a linkage mechanism, such as the
Theo Jansen linkage, by using Lagrange’s method because the forward kinematics of the
system is very complicated. In Chapter 5, the projection method [43-45] is applied to
derive the complete dynamic model of a four-legged robot composed of the Theo Jansen
mechanisms. In comparison with the conventional approaches, Lagrange’s, Gibbs-Appel,
and Kane’s for example, projection method has been observed to be more intuitive in na-
ture and compact [43,44,46]. By using this method, the complicated linkage mechanism
can be assumed as a simple holonomic system and the model is derived by focusing on
constraints of the system as well as the holonomic system [46]. The dynamic model of the
whole system can be derived by separating the system into a few sub-systems and then
integrating the dynamic models of these sub-systems [47]. Considering these advantages,
the projection method is chosen to build the dynamic model for the four-legged robot.
Chapter 6: Conclusion

Chapter 6 concludes this study. This study involving the purpose of this study and
the research contents in each Chapter is summarized. The results of each Chapter are

discussed, and it is verified that the purpose of this study is achieved.

1.4 Contribution

This study aims to formulate the concept of nested reconfiguration which possesses
both intra- and inter- reconfiguration, and to develop the robot capable of achieving
wide-ranging tasks in highly uncertain environments through providing the nested recon-

figuration, and has studied following research topics: development of intra-reconfigurable
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module robot possessing both the reconfigurable mechanisms and docking system, speed
control of toe of the Jansen linkage mechanism, development of the multi-legged nested
reconfigurable robot, and the position control of the multi-legged robot with the Jansen
linkage mechanisms.

Through these studies, the concept of nested reconfiguration which possesses both intra-
and inter-reconfiguration has been formulated. And application of nested reconfigurability

and its design and control strategy have been proposed.
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2 . A Reconfigurable Jansen Leg with
Multiple Gait Patterns

Legged robots are able to move across irregular terrains and those based on one
degree-of-freedom planar linkages can be energy efficient, but are often constrained by
a limited range of gaits which can limit their locomotion capabilities considerably. This
chapter reports the design of a novel reconfigurable Theo Jansen linkage that produces
a wide variety of gait cycles, opening new possibilities for innovative applications. The
suggested mechanism switches from a pin-jointed Griibler kinematic chain to a five degree-
of-freedom mechanism with slider joints during the reconfiguration process. It is shown
that such reconfigurable linkage significantly extend the capabilities of the original de-
sign, while maintaining its mechanical simplicity during normal operation, to not only
produce different useful gait patterns but also to realize behaviors beyond locomotion.
Experiments with an implemented prototype are presented and their results validate the

proposed approach.

2.1 Reconfigurable linkages and design

A linkage can be modeled in general as a system of geometrical constraints, that is, a
group of geometrical elements —e.g., points, lines, circles, polygons— subject to geomet-
rical measures —e.g., angles, lengths, areas, volumes— and geometrical relations —e.g.,
ratios, congruences, tangencies, contacts. In the design and mechanics of this kind of
mechanisms, such system of geometrical constraints has been historically considered as
invariable. However, given the advances in the last century in, principally, the analysis
and synthesis of mechanisms, the computer-aided design (CAD) systems, and the tech-

niques for rapid prototyping, researchers and inventors have started to conceive and study
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linkages whose geometrical elements, measures, and/or relations can vary in some state
of their operation. These kinematic chains are called reconfigurable linkages, a current
main trend in mechanisms and machine science as evidenced by the multiple references
that can be found in the literature since the mid-1990s —see, for instance, [48-50] and
the references therein.

Reconfigurable linkages are a clear example of transformers, that is, products that
transform into different systems or according to different states. In [51], following a
combined inductive and deductive approach, principles and facilitators for innovation in
design through transformation are proposed. A transformation principle constitutes a
guideline that by itself creates a change. A transformation facilitator is defined as a
design construct that helps or aids in generating mechanical modifications but whose
implementation does not create transformation singly. A total of three transformation
principles are suggested, namely, expand/collapse, expose/cover, and fuse/divide. Respect
to the transformation facilitators, twenty are discussed; they include ideas such as, just
to name some, common core structure, composite, function sharing, and inflate. The
reconfigurable Theo Jansen linkage proposed in this work is based on the expand/collapse
principle and uses the concept of telescope —manipulate an object along an axis to create
an elongation, planar spread, or enclosure to alter its function— as facilitator; a basic
approach through which the original design becomes versatile.

Linkage design has been historically considered as a synonym of kinematic synthesis
or the problem of finding a suitable linkage —type, number of links, and dimensions—
for a given movement or task. Kinematic synthesis is normally divided into three cate-
gories, namely, motion generation —also called rigid body guidance, function generation,
and point-path generation [52,53]. In motion generation, some locations (position and
orientation) that represent the desired movement are known. In function generation,
the goal is to coordinate an output crank rotation (or slide) with a specific input crank
rotation (or slide). Finally, in point-path generation, the available information is simi-
lar to that of motion generation but in this case the orientation constraints correspond
to don’t-care conditions. Solutions approaches to these problems (in general, solutions
to special instances) have been proposed by many researchers during the last two cen-

turies; methods based on geometry [54,55], numerical continuation [56,57], optimization
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techniques [58,53,59], resultant elimination tools [60], between others, have been pro-
posed. An interesting historical review with references to classical works can be found
in [61, Chapter 1]. For current trends and open problems in the field, the interested reader
is addressed to [62].

Our work departs from the classical conception of linkage design as kinematic synthesis.
This method was introduced by the German geometer Ludwig Burmester in the late 19th
century. Burmester is in fact considered as the father of theoretical kinematics of mecha-
nisms —the branch that studies the geometry of motion in general mechanisms [63]. He
was probably the pioneer in the study of complex compound mechanisms [54], that is,
kinematic chains with more than two independent loops in which at least one geometri-
cal element is connected through kinematic pairs to more than two others [64]. In our
reconfigurable linkage design approach, the objective is not to find the best linkage to
accomplish a specific motion as in kinematic synthesis but to determine whether through
simple changes in the topology or geometry of a given linkage, useful coupler curves
or workspaces that improve the performance of the original design in specific cases, or
completely modify its task, can be obtained. The mechanical implementation (practi-
cal engineering solution) of such transformations between discrete positions of the design

space is a fundamental aspect of this methodology.

2.1.1 Walking machines and leg linkages

Since the beginning of the land transportation technology, numerous walking machines
have been conceived and designed as an alternative to wheel vehicles because of their
potential advantages in rough terrain. These benefits include, for example, higher speed,
better fuel economy, greater mobility, better isolation from terrain irregularities, and less
environmental damage [65]. A complete survey of the walking machines developed in the
last decades can be found in [66]; where it is shown that different kinds of leg mechanisms
have been proposed, systems that span from open planar kinematic chains to parallel
architectures. In this work, we propose a reconfigurable leg mechanism based on a closed
planar kinematic chain of one degree-of-freedom. This class of leg mechanisms has been
selected because of its energy efficiency and simplicity of gait control.

A historical example of a walking machine based on one degree-of-freedom planar link-
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ages is the mechanical system proposed by the Russian mathematician Pafnuty Chebyshev
in 1850. The legs of this walking machine are based on a four-bar linkage designed by
Chebyshev to approximate straight-line motion, details of this machine can be found in
the volume 1 of the classical Artobolevsky’s handbook of mechanisms [67, pp. 406]. In
more recent times, two one degree-of-freedom leg linkages, both invented in the last 25
years, have stood out, namely, the Klann mechanism and the Jansen linkage. The Klann
mechanism, conceived by the Mechanical Engineer Joe Klann in 1994, is a Stephenson
type III kinematic chain (a six-bar linkage) designed from the four-bar Burmester linkage
developed in 1888 for harbor cranes [68]. The Jansen linkage corresponds to an eight-bar
kinematic chain; it was created by Theo Jansen during his works of fusion of art and
engineering, the history of the linkage development and invention is described in [28].
More details about this linkage are discussed later herein. For the development of our
reconfigurable leg linkage, we opted for the Theo Jansen’s solution because of its higher
potential of versatility, given the fact that the resulting coupler curve at the foot point is
of higher degree than that of both the four-bar Chebyshev linkage and the six-bar Klann
mechanism. An example of such versatility can be seen in the study of Komoda and Wa-
gatsuma [38], in which an extension of the Theo Jansen linkage for climbing over bumps

is proposed. This is perhaps the closer work to our approach.

2.2 Position analysis of a Theo Jansen linkage

The Theo Jansen linkage (“Jansen leg” is the term used in this chapter) is an eight-
link one degree-of-freedom planar linkage, that is, a Griibler kinematic chain, designed
by the Dutch kinetic sculptor Theo Jansen during the 1990s for emulating a smooth and
elegant walking motion [28]. This linkage, depicted in Fig. 2.1, has three independent
loops and consists of six binary links, one ternary link, and a coupler link with seven
revolute joints. Since one of the revolute joints involves there binary links, the topology
of this kinematic chain does not correspond to any of the sixteen topologies of standard
one degree-of-freedom eight-bar linkages [69, Appendix D].

In a Jansen leg, according to the notation of Fig. 2.1, the centers of the revolute joints

of the binary links define the line segments P, Py, P, Ps, P,P3, P3P, P3P, and PsP;, those
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for the ternary link define the triangle AP; Py Ps, and those for the coupler link with point
Py, the foot of a Jansen leg, define the triangle APz P; Ps. The position analysis problem
for this linkage corresponds to, given the dimensions of every link, the position of the
revolute joint centers P, and P, and an angle 6 for the input link, calculating all the
feasible Cartesian locations of point Ps. To this end, instead of using joint angles through
independent loop-closure equations [70], we will use squared distances and bilateration

matrices to compute the corresponding values of F.

2.2.1 The bilateration matrix

The bilateration problem consists in finding the feasible locations of a point, say P,
given its distances to two other points, say P; and P;, whose locations are known. Then,

according to Fig. 2.2, the solution to this problem, in matrix form, can be expressed as:

Pix = Zijx Pij (2.1)
—
where p, ; = P,P; and
7 1 Sij Tt Sik — Sjk —4 Aijk
i’j’k - ..
2814 4 Ak Sij + Sik = Sik
is called a bilateration matriz, with s;; = d; ; = Ipi;|I”, the squared distance between P;
and P;, and
1
Aijr = iz \/(Si,j+si,k+5j,k)2_2 (842 +5ik+5542), (2.2)

the oriented area of AP,P;Pj, which is defined as positive if Py is to the left of vector
pij, and negative otherwise. It can be observed that the product of two bilateration

matrices is commutative. Then, it is easy to prove that the set of bilateration matrices,

a
i.e., matrices of the form , constitute a commutative group under the product
b a

and addition operations. Moreover, if v. = Zw, where Z is a bilateration matrix, then
|v||* = det(Z) ||w||®>. The interested reader is addressed to [63] for a derivation of (2.1)
and its properties.

It has been shown that by using bilateration matrices, the position analysis problem of

linkages is greatly simplified —see, for instance, [71,72]. This problem consists of finding
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Py

Fig. — 2.1 The Jansen leg, a one degree-of-freedom planar linkage of eight links, seven
revolute joints —one of them involving there binary links, and three inde-
pendent loops.

the feasible assembly modes that a kinematic chain can adopt. An assembly mode is a

possible relative transformation between the links of a kinematic chain or linkage. When

an assignment of positions and orientations is made for all links with respect to a given
reference frame, an assembly mode is called a configuration. Next, we present how to

apply the bilateration method for solving the position analysis problem of a Jansen leg.
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Pik

Pij

Fig. — 2.2 The bilateration problem.

2.2.2 Bilateration-based system of equations

First, according to the notation of Fig. 2.1, let us compute py 3 from 6 and the location

of the revolute joint centers P, and P,. That is,

P13 =Z123P1,2 (2.3)

with s 3 = s19 4+ 523 — 2d2da3 cosf). Now, following a simple geometric constructive

process from pq 3, we get

P14 = Z134P13, (2.4)
P15 =Z145P1,4 = Z1,45Z134P1,3, and (2.5)
P16 = Z136DP1,3 (2.6)
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Thus,

P56 = —P15 T P16 = (—Z1,4,5Z1,3,4 + Z1,3,6) P1,3. (2-7)

Then,

5.6 = det(—Z1,45Z1,34 + Z1,36) S1,3- (2.8)

Finally, from p5 g6, we get

P67 = —Ze 5,7 P56 (2.9)
Pe,s = Ze,7,8 P67

= —Zer8Zes1(—Z1,45Z134+ Z136)P1,3- (2.10)

Then,

P18 = P16 + Pé,s
= (Z1,3,6 —ZersZesr(—Z145Z134

+ Z1,3,6)> Zi23P12- (2.11)

Equation (2.11) defines the location of point P, the foot of a Jansen leg. This equation
depends on the set of link dimensions (5), the angle of the input link (), the orientation
sign of the oriented areas Ais3, Ai34, A136, and Ags7, and the location of P, and
P;, the centers of the grounded revolute joints. For a given set of values for all these
variables, a specific configuration of a Jansen leg is determined, that is, the point Py is
uniquely defined. We represent a configuration of a Jansen leg as (S, 6, n, Py, P,) where
n = 0,...,15 specifies the combination of signs for the areas A;s3, A134, A136, and
Ag57. Thus, for example, n = 10 = (1010)y = + — +— implies that A; 53 > 0, A;34 <0,
Ai36 >0, and Ags7 < 0.

The ability of bilateration matrices to represent the solution of complex problems in
a very compact form can be appreciated when comparing the solution for the position
analysis of a Jansen leg presented in [73] with the bilateration-based result of equation

(2.11).
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2.2.3 Equations of velocity and acceleration

The velocity and acceleration of the bilateration problem can be readily obtained from

the differential and second order differential respect to time of equation (2.1), respectively.
That is,
ik = ZijiPij + ZijwPij, (2.12)

Dik = ZijsPij + 2Zi ki + ZijrDij, (2.13)
The specific expressions for Z”k and Z”k depend on the variable sides of AP;P;P;. For
example, in the case ||p; ;|| and ||p;x|| are both fixed lengths, Z; ;; reduces to
1| big(sin — sip) - 4(8i54 — si54)
iajzk :282 . X . . Y
i | 4(5i5A = sigA)  Sii(sjk — Sig)
$ig(Sik + 8jk — Siyj)

4\/(3i,j +sik+55k)° = 20575 + 575+ 574)

Aigr =+

The bilateration-based equations for the velocity and acceleration of the foot of a Jansen

leg can be similarly computed. Then, by properly differentiating equation (2.11), we have

Pig = [(Z6,7,8Z6,5,7(Z1,4,5Z1,3,4_Z1,3,6) + Z1,3,6) Z1,2,3
+ <Z1,3,6 +Zs7 8 (Z6,5,7(Z1,4,5Z1,3,4 - Z1,3,6)

+ Z6,5,7(Z1,4,5Z1,3,4 - Z1,3,6)> ) Z1,2,3] P12, (2.14)

Pis= [(Z1,3,621,2,3 + 221,3,621,2,3 + Z1,3,6Z1,2,3)
+Zs,78 ((Z1,4,5Z1,3,4 - Z1,3,6)(Z6,5,7ZI,2,3
+226,5,721,2,3+26,5,7Z1,2,3)+2(Z1,4,5ZI,3,4_ZI,3,6)

(Z6,5,7zl,2,3+Z6,5,7Z1,2,3)+(Z1,4,5ZI,3,4_ZI,3,6)

Z6,5,7Z1,2,3>]P1,2- (2-15)
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2.3 Beyond the standard Theo Jansen linkage: New
gait patterns

Our main aim is to design a novel reconfigurable Theo Jansen linkage that produces a
wide variety of gait cycles in order to open new possibilities for innovative applications
while maintaining its mechanical simplicity. To this end, those new gait patterns must

based on the topology of a Jansen leg and satisfy at least one of the following goals:
i) mimicry of different animal species,

ii) significant improvements of the locomotion efficiency in non-even surfaces, a range of

materials, and external perturbations such as strong winds, and

iii) transform the motion into behaviors beyond locomotion —e.g., manipulation skills.

2.3.1 Tracing the coupler curve of a Jansen leg

Figure 2.3(top) presents all possible locations of point Ps, computed from equation
(2.11), for sampled values of # at increments of = for the case in which s, = 1073.55,
S14 = 593.61, 515 = 631.72, 516 = 552.63, so3 = 117.38, s34 = 1216.96, s36 = 1468.58,
S5 = 1045.75, s57 = 572.84, sg7 = 642.22, s¢5 = 1292.26, and s7g = 1900.87, with
Py = (0,0)" and P, = (32.436,4.632)". In this procedure, for each value of , sixteen
possible locations for the point Ps are calculated, one per each combination of signs for
the oriented areas A; 23, A1 34, A136, and Ags7. This set of link dimensions corresponds
to our standard values of a Jansen leg. From Fig. 2.3(top), a result that contains no
information on the connectivity of each sample to its neighbors, we observe that point P
shapes to different trajectories. In fact, since a Jansen leg corresponds to a one degree-
of-freedom pin-jointed planar linkage, any arbitrary point on it generates a plane curve,
called coupler curve, when the mechanism moves.

A novel approach to trace coupler curves, that takes advantage from the geometric
information of bilateration-based equations, has been recently discussed in [72]. By tracing

we mean that the connectivity between samples is known. Following such method, for

the particular case of a Jansen leg, the curve generated from a known initial feasible
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Fig. — 2.3 Top: Possible locations of point Pg, the foot, in all assembly modes of a
standard Jansen leg. The lowest sampled curve corresponds to the trajectory
used in walking platforms. Bottom: Traced foot trajectory of a standard
Jansen leg. The green path corresponds to the assembly mode family given
by Aia3 > 0, Aiga > 0, A1z < 0, and Ags7 < 0. In the red path,
A3 <0, A134 >0, A136 <0,and Ag57 <O0.
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configuration (S, 6, n, P, P») by point Py —the foot trajectory— can be traced following

these steps:

1. Compute Py using equation (2.11).

2. Evaluate the oriented areas A3, A1 34, A136, and Asg7 with the current value of
0. If any of them is equal to zero, the current configuration —i.e., the current tuple
(S, 8, n, P, P,)- belongs to more than one family of assembly modes (combinations
of signs of the oriented areas A; o3, A; 34, A136, and Az 7) and the leg movement
may evolve along different paths. Identify all these families, that is, determine all

feasible values that 1 can assume.

3. Increase 0 at a specified rate. When 6 reaches the limit imposed by the triangular
inequalities associated to AP, P, Py, AP, P3P, and AP;P;Pg, start to decrease the

variable.

4. Repeat steps 1 to 3 for each tuple (S, 0, n, P;, P») until the whole range of # has

been evaluated.

In a standard Jansen leg, the foot trajectory used in walking platforms —the lowest sampled
curve in Fig. 2.3(top)— can be easily traced following the above procedure from any 6
between 0 and m with A193 >0, A; 34 >0, A136 <0, and A557 < 0. The corresponding
result is depicted in Fig. 2.3(bottom). It is interesting to note that the standard foot
trajectory of a Jansen leg resembles to the plantigrade locomotion of some terrestrial
animals. In fact, this trajectory is quite similar to those of the ankles of rats during single

step cycles [74].

2.3.2 Finding the new gait patterns

According to Kuo et al. [75], a linkage can be considered as reconfigurable if during its
operation at least one of the following features varies: a) the effective number of links
and/or joints, b) the kinematic type —i.e., the contact constraint— of some joints, c)
the adjacency and incidence of links and joints, and d) the relative arrangement between
joints, or more generally, the relative geometrical relation between joints and links. An
interesting consideration for designing reconfigurable mechanisms is that by simply re-

allocating the joint positions of pin-jointed planar linkages, all types of reconfiguration
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characteristics, excepting the change of contact constraints in kinematic pairs, may be
obtained [76].

In the case of one degree-of-freedom pin-jointed planar linkages, it is well-known that
a change in the link dimensions, that is, a modification in the relative distance between
connected joints, a reallocation of joint positions, generates new and different coupler
curves. With this basic principle in mind, our approach to obtain novel gait patterns
of a Jansen leg is to identify whether by performing small variations in the lengths of
the links, interesting foot trajectories can be obtained. To this end, a simple exploratory
design study is suggested: vary the standard dimensions of the links in +20%, first link
by link, later in couples, and finally in trios, and register the resulting coupler curves —
computed using the discussed procedure— to detect useful gait cycles for future innovative
applications in robotics. Following the proposed scheme, we present here five gait patterns,
that extend the capabilities of the original Jansen leg, generated through minimal changes

of link dimensions. Next, each of them is described.

Digitigrade locomotion (Cat walking)

The standard foot trajectory of a Jansen leg corresponds to a kind of plantigrade loco-
motion. A plantigrade is an animal that stands or walks with its podials, such as humans
regularly do —an experimental analysis and characterization of the human straight walk-
ing can be found in [77]. In contrast, digitigrades walk on their digits or toes. Example
of these kind of animals include dogs, cats, many other mammals, and most birds. Since
in each step of digitigrades less foot is touching the surface, these animals present less
friction and waste of energy than plantigrades. In consequence, digitigrades tend to be
very fast runners [78]. This fact makes digitigrade locomotion of great interest for the
development of walking platforms.

Table 2.1 depicts the foot trajectory of a Jansen leg when the length of the binary link
connecting the revolute joint centers Ps and P is increased by 20% respect to its standard
value -First row, column “single link”. The shape of this curve is quite similar to the gait
cycle of a cat [79, Fig. 2]. This result is relevant because it shows that by modifying the
link dimensions of a standard Jansen leg, that is, by reconfiguring a one degree-of-freedom
mechanism, we can switch from a plantigrade locomotion to a digitigrade locomotion.

Columns “couple of links” and “trio of links” in the first row of Table 2.1 present other
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Table — 2.1 Identified foot trajectory patterns of interest for nested reconfiguration ap-

plications
Pattern Single link Couple of links Trio of links
D e a0
Cat ds;7 + +20% * d‘:’j ; +10(72’ A7’1§1'P4P5 :°_20% dag 2 —12%, d7 g : +20%, ds7 : +20%
walkmg d3:4 . +12%, AP6P7P8 : +20% 3,4 1 —12%, d778 : +20%, AP1P4P5 : —10%
z‘; @ 4
Obstacle d . _20? % dﬁ,g : +20%, d7’8 . —20%* d6’8 : +20%, d7,8 : —20%, d1’2 . +20%
avoidance T8 0 d374 : —20%, d376 : —20% d678 1 +20%, d778 : —20%, d374 ¢ —20% %
Jam
;‘/’;;SZ;ZZ dio: +20% % dy2: +20%, doz 0 +20% x dig: —20%, ds g : —20%, dsg : —20% %
mud
Ste d2,3 : —10%, d3’6 . +20% d1’2 : +20%, d2,3 : +20%, d3’6 . +20%
Climbli)ll d3,6 : +16%* d3,6 : +16%, d7’8 : —20%* d2’3 : —14%, d3,6 : +20%, d7’8 : —20%*
g d374 : +20%, d778 : +20% d374 : +20%, d577 : +20%, d778 : +20%
Drilli d172 : —8%, d577 : +20% d172 : +10%, d374 : +20%, d778 : +20%
I'lt.ll'lg d778 : +20%* d273 : +16%, d678 : —20%* d273 : —20%, d6,8 : —20%, d778 : —|—4%
motion dﬁ,g : —20%, d7’8 . +2% d1’2

3N

4+10%,d7 5 :+20%, APy Py Ps :—20% %
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modifications in the link dimensions that further yield digitigrade behaviors. The foot
trajectories of the combinations with the x symbols in the columns are depicted. In each
of these figures, the gait of the standard Jansen leg is presented for reference as a black

curve. These conventions apply in all next cases.

Obstacle avoidance

The height of the foot trajectory of a standard Jansen leg is 9.38 units (Fig. 2.3), that
is a 16.26% of the total height of the leg, a value computed from the grounded revolute
joint center P; = (0,0)T to the lowest point of the foot trajectory. Therefore, a walking
platform based on standard Jansen legs cannot in principle overpass obstacles higher than
this limit (> 9.38 units). This is an important drawback because although a Jansen-based
system is highly efficient, its operability in rough terrain is reduced.

Second row, column “single link”, of Table 2.1 shows the foot trajectory of a Jansen leg
when the side length associated to points P; and Py of the coupler link AP;P; Py is de-
creased by 20% respect to its standard value. In this case, the height of the foot trajectory
is 21.91 units, that is a 36.74% of the total height of the leg. This new height is more than
twice the foot trajectory of a standard Jansen leg. This reconfigurability characteristic
could be of interest for applications in uneven terrains —think, for instance, in a team of
walking platforms for space exploration missions, that is, exploration of asteroids, comets,
planets, and so on. Similar obstacle avoidance patterns can be obtained by simultaneously
changing different link lengths of a Jansen leg. These results are presented in the second

row, columns “couple of links” and “trio of links”, of Table 2.1.

Jam avoidance (Walking on mud)

In soft terrains, walkers can easily get stuck because of the soil conditions. To overcome
such situations, a change in the walker’s gait cycle has to be introduced, a versatility that
a walking platform based on standard Jansen legs does not offer in its current form.
For example, in a transition from a dry soil to a semi-wet mud terrain, the typical foot
trajectory of a Jansen leg seems inadequate because of the rigidity variation of the soil
in the two scenarios. A gait with the potential to solve this issue is depicted in the
third row, column “single link”, of Table 2.1. Such curve is obtained by increasing 20%
the distance between the grounded revolute joint centers P, and P,. Beyond its height,

this type of trajectory is of interest because facing the soil with an arc shape, while
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Fig. — 2.4 Transformation from digitigrade locomotion (ds7 : +20%) to step climbing
(dse : +16%). Left: Some steps of a simulation of the leg transformation,
the binary links of variable dimension and the vertical movement of the
grounded revolute joint centers are highlighted in cyan and light green. The
corresponding foot trajectories are also depicted —digitigrade locomotion in
black and step climbing in blue. Right-top: The lowest values of P, for
each of the foot trajectories in the transformation are connected by an arrow.
These values are used to determine the initial and final input angles, 6,4 and
0p respectively, in the transformation process. Right-below: The evolution
of P, from t =1, to t =1;.

maintaining a step length close to the original one, allows to extract material and look for
a suitable support point at the same time. As in the other reconfigurability characteristics
previously discussed, similar jam avoidance patterns can be obtained by simultaneously
changing different link lengths of a Jansen leg. The corresponding combinations of link
dimensions are presented in the third row, columns “couple of links” and “trio of links”,
of Table 2.1.
Step climbing

Fourth row of Table 2.1 presents the modifications in the link dimensions of a standard
Jansen leg that yield foot trajectories for climbing steps. This curve results from increasing
16% the distance between the grounded revolute joint centers P3 and Pg. These gamma-
like patterns are more appropriate for climbing steps than the normal foot trajectory due
to the significantly shorter contact line with the floor —think, for example, the length of

the steps.
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Drilling motion

In kinematics of mechanisms, reciprocating motion is in general defined as a recur-
rent up-and-down or back-and-forth movement. It is normally associated to a repetitive
straight line motion resulting from or giving rise to a full rotation. When considering
complex one degree-of-freedom planar linkages —i.e., mechanisms with coupler curves of
order much higher than six, the degree of a four-bar linkage coupler curve, such standard
concept should be extended because overlapping motions different to a straight line can
be obtained in specific ranges of the input joint. An example of this kind of reciprocating
motion in a double butterfly linkage, a mechanism whose coupler curves can reach order
48, is presented in [80]. Observe that this behavior also occurs in a standard Jansen leg
as it can be verified in the sampled curves presented in Fig. 2.3(top).

Fifth row of Table 2.1 presents the modifications in the link dimensions of a standard
Jansen leg that yield foot trajectories with reciprocating characteristics. These curves,
product of increasing 20% the distance between the joint center P, and the foot point
Py for the case of single-link modification, are of interest because their needle-like shapes
can be used for drilling activities. With this resulting reconfigurability characteristic we
go one step further because it shows that by varying the link dimensions of a standard
Jansen leg we can, in addition to modify the gait patterns of the walking platform, change

the behavior of the system. In this case, from a walker to a driller.

2.4 Characterization of leg transformation

We have shown so far that by changing the link dimensions of a standard Jansen leg,
a variety of gait patterns of interest for innovative applications in robotics can be iden-
tified, i.e., digitigrade locomotion, obstacle avoidance, jam avoidance, step climbing, and
drilling motion. An important design challenge is how to perform a proper transformation
between gait patterns. By proper we mean, for example, that undesired floor contacts
must be avoided during the transformation process. Note that the answer to this question
has implications in the control and design of the proposed Jansen leg with variable link
dimensions.

Following the above discussion, we have devised a simple procedure for transforming

32



a reconfigurable Jansen leg from a pattern A to a pattern B, where both A and B are
different and belong to the set of patterns {plantigrade locomotion, digitigrade locomo-
tion, obstacle avoidance, jam avoidance, step climbing, and drilling motion} as described
in section 2.3. As a proof of concept, we consider the transformation from digitigrade
locomotion (ds7; : +20%) to step climbing (d3g : +16%). The proposed method is as

follows:

1. For pattern A, from the current location of the grounded revolute joint centers
P and P,, determine the lowest value of Ps, and the corresponding input angle
0, say 04, using equation (2.11) with increasing of # at a specified rate. For our
transformation example from digitigrade locomotion to step climbing, with P, =
(0,0)7, P, = (32.436,4.632)", and increments of 5 for 6, we get 64 = 5.48 rad

[Fig. 2.4(right-top)].
2. Repeat step 1 for pattern B. In our example, g = 1.27 rad [Fig. 2.4(right-top)].

3. Define the transformation time values. The transformation starts at time ¢t = ¢,
and finalizes at time ¢ = ;. Transformation time At =ty —¢,. For the case study,

At =2 with ¢, = 1 and t; = 3 [Fig. 2.4(right-bottom)].

4. From patterns A and B, determine the link dimensions that have to be changed
from a [, value at time ¢t = ¢, (pattern A) to a [; value at time ¢ = ¢; (pattern B).

That is, in the case of our example:

Link
1, I
dimension
ds 7 28.7208 (+20%) 23.9340 (0%)
ds g 38.3220 (0%) 44.4535 (+16%)

5. Start the transformation, ¢ = ¢,. Set the input angle # = 0, and determine the

current, location of the foot, say Ps., from the values compute in step 1.

6. For each of the link dimensions determined in step 4, compute [, = lfgtl" (t—t,) +1,,

where [. is the current length of the corresponding variable link. Now, compute
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0. = %(t —t,) + 64, where 6, is the current value of the input angle.

7. From the fixed link dimensions, the corresponding /. values of the variable links, the
input angle 6., and the current locations of the grounded revolute joint centers P;

and Py, compute the new foot location, say Pg,, using equation (2.11).
8. Compute the offset Ay = P, — Py, and set Py, = Pgy,.

9. Update the vertical position of the grounded revolute joint centers P, and P, by
subtracting Ay from both ordinates. For the case study, the evolution of P, from

t =t, tot =t; is depicted in Fig. 2.4(right-bottom).

10. Increase time ¢ at a specified rate d¢, that is, £ =t 4+ dt. In our example, 6t = ﬁ.

11. Repeat steps 6 to 9 until ¢t = ;.

This procedure is summarized in the flowchart presented in Fig. 2.5. Fig. 2.4(left) shows
some steps of a simulation of the leg transformation from digitigrade locomotion (ds 7 :
+20%) to step climbing (d3¢ : +16%). The binary links of variable dimension and the
vertical movement of the grounded revolute joint centers are highlighted in cyan and light

green.

2.5 Implementation of a reconfigurable Jansen leg

Figure 2.6(center) presents the complete CAD design of a fully-functional reconfigurable
Jansen leg with four actuators suitable for the transformation procedure discussed in
section 2.4. In this design we consider transformations of patterns by changing the lengths
of single links —i.e., link combinations presented in column “single link” of Table 2.1.
Note that for such transformations only four length variables are needed, namely, d; o,
ds g, ds 7, and d7g. In this design, the extendable links, that can be modeled as a revolute-
prismatic-revolute kinematic chain with an actuated slider joint, correspond to linear
actuators utilizing ball screw with two hinge holes at its ends. The base link is designed
to allow the up and down movement of the reconfigurable Jansen leg as required by the

transformation procedure. Next, such conceptions are detailed.
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Fig. — 2.5 Flowchart of the proposed method for leg transformation (see text for de-
tails).
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Fig. — 2.6 A fully-functional reconfigurable Jansen leg with four linear actuators suit-
able for the transformation procedure presented in section 2.4 (link combi-
nations presented in column “single link” of Table 2.1) (center). Zoomed
areas present the base system (center-right) and links of variable dimension
—extendable links (center-left). Details of these designs can be observed in
the corresponding exploded views —base system (bottom) and extendable
links (top).
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2.5.1 Extendable links

From Table 2.1, it is known that the binary links associated to the length variables
dig2, d3g, ds7 and d;g have to be changed from standard size (0%) to -20%, +16%,
and +20% for obtaining the multiple gait patterns: plantigrade locomotion, digitigrade
locomotion, obstacle avoidance, jam avoidance, step climbing, and drilling motion. The
linear actuator for these extendable links can be designed to uniquely satisfy these specific
requirements —i.e., a linear actuator with a discrete number of positions, but, thinking in
future works where other modifications may be necessary, a solution with a continuous set
of positions is preferred. Moreover, the proposed design should be able to change the link
dimension without run off the edge where the two revolute joint centers are located (the
hinge holes) because it might generate undesirable contacts between other links in the
linkage as it could happen if, for example, the module for reconfiguration by reallocation
of joint positions in pin-jointed planar linkages suggested in [76] is used.

Details of the extendable links designed to satisfy the described conditions can be
observed in the exploded view presented in Fig. 2.6(top). The proposed design is based
on a ball screw with a motor properly installed in parallel utilizing gears. Since ball screws
tend to back drive because of their low friction, for simplicity, we opted to use motors of
high torque and low speed instead of implementing a brake in the system in order to hold
the link dimensions. A prototype of this design using a DC motor (SPG30E-300K, rated
torque: 1176 N.mm, rated speed: 12 RPM) and aluminum is shown in Fig. 2.7(left).
It can be verified through simulation that the highest back-drive torques —i.e torque
required to support a load in position in a screw— during locomotion are lower than
15.92 N.mm (< 1176 N.mm). As an alternative, motors with a low/high relationship
between torque and speed can be used to improve the efficiency of the system, but in this
case the extendable link design should include a non-backdrivable mechanism for avoiding

undesired changes in the link dimensions during normal operation.

2.5.2 Base system

In order to realize the transformation process without floor contacts as discussed in
section 2.4, the reconfigurable Jansen leg has to be moved up and down. The easiest

way to solve this is to install a linear actuator in the base link, taking into account that
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Fig. — 2.7 Prototypes of the base system (right) and extendable links (left).

such base system must support the moment of the whole mechanism. Observe that if the
moment is applied directly to the linear actuator, its motion could be affected and, in the
worst case, the system could break. To avoid this, two straight guides are designed to
support the base link and its up-and-down movement. The base link, and in consequence
the reconfigurable Jansen leg, are fixed to the guides by four points, two in each guide,
which are connected to the linear actuator.

Details of the base system design can be observed in the exploded view presented in
Fig. 2.6(bottom). A prototype of this design is shown in Fig. 2.7, in which a DC motor
(RG50M775245000-120K, rated torque: 4.9 N.m, rated speed: 30 RPM) was installed for
driving the reconfigurable linkage. Since it has been shown that a torque of 1 N.m is
necessary to drive the Jansen leg at a constant speed [81]; the selected motor has a safety
factor of 4.9, a value high enough to resist variations in the torque requirement resulting
from, for instance, errors in the parameters.

The base system and extendable links are the principal components of the proposed
design of a reconfigurable Jansen leg. Figure 1.4 presents a working prototype of this
mechanism. This implementation uses acrylic for the links of fixed dimension and has
been carried out in the SUTD Fabrication Lab using a minimum amount of off-the-
shelf parts. In next section some experimental results obtained with this prototype are

discussed.
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2.6 Experimental results

Table — 2.2 Numerical analysis of experiment results

Simulation Experiment Error Percent Standard
Pattern . .

[cm] [cm] [cm] error [%] deviation [cm]
Plantigrade Width 39.82 33.42 6.40 16.07 0.47

locomotion Height 9.39 7.59 1.79 19.12 ’
Digitigrade Width 39.97 33.40 6.57 16.45 0.63

locomotion Height 4.64 3.66 0.98 21.15 )
Obstacle Width 36.48 30.01 6.47 17.74 0.67

avoidance  Height 21.92 18.59 3.32 15.16 )
Step Width 39.17 32.46 6.71 17.17 0.41

climbing  Height 13.23 794 529 40.01 :
Drilling Width 39.05 33.08 5.97 15.27 0.52

motion Height 10.90 9.00 1.90 17.41 )

Effectiveness of the design and prototype of the reconfigurable Jansen leg presented in
section 2.5, for generating the multiple gait patterns —section 2.3— as well as the pro-
posed transformation process —section 2.4, was verified trough experimentation. In the
experiments the linear actuators of the reconfigurable Jansen leg were driven at constant
speed by PID controllers (gains: P=>50, 1=0.008, and D=0.01), ideal trajectories were
generated using the procedure of Fig. 2.5. The resulting leg trajectories were obtained
using image processing tools. For measuring the rotation angle of each motor, rotary
encoders, utilizing hole sensors, were installed and “Arduino MEGA 2560” was used as

control CPU. The obtained experimental results are discussed next.

2.6.1 Generation of gait patterns

The first experiment consisted in comparing the simulated and experimental leg trajec-
tories for the different gait patterns. To this end, the link dimensions of the reconfigurable
Jansen leg were set according to the link combinations presented in column “single link”
of Table 2.1 for then actuating the input joint (motor) for ten cycles. The results of
this process are shown in Fig. 2.8 for the gait patterns plantigrade locomotion (standard
trajectory of a Jansen leg), digitigrade locomotion, obstacle avoidance, step climbing, and
drilling motion. After experimentation, it was discovered that the jam avoidance pattern

cannot be generated with the current prototype because when the angle between the input
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Fig. — 2.8 Comparison between the simulated leg trajectory (in gray) and the average
experimental trajectory (in red) obtained after ten cycles of the input joint
(curves depicted in black) for the gait patterns plantigrade locomotion (stan-
dard trajectory of a Jansen leg), digitigrade locomotion, obstacle avoidance,
step climbing, and drilling motion.
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Fig. — 2.9 Comparison between the simulated speed at the foot point (in black) —i.e.,
magnitude (Euclidean norm) of equation (2.14)— and the average experi-
mental speed (in red) computed from the average experimental trajectory
(Fig. 2.8) for the gait patterns plantigrade locomotion (standard trajectory
of a Jansen leg), digitigrade locomotion, obstacle avoidance, step climbing,
and drilling motion.

link (corresponding to the line segment P,P5 in Fig. 2.1) and the base link (line segment
P P,) is 3.1 rad, the distance between the revolute joint centers P, and P; is 2.07 cm,
a value that exceeds the minimum able to be reproduced with the current implementa-
tion (6.32 cm). Future developments of the reconfigurable Jansen leg will resolve this
limitation by thinning the structure surrounding the link pin holes.

Table 2.2 shows the error and percent error of comparing the width and height of the
average experimental trajectory with those of the simulated trajectory, for each of the
gait patterns presented in Fig. 2.8. A percent error of less than 22 % is obtained for
all cases but the step climbing pattern. The origin of such errors is principally due to
the non-conformity of link lengths and the presence of joint clearances in the prototype.
Both error sources are almost inherent to the fabrication of mechanical designs and are
the typical elements that affect the performance of linkages and mechanisms [82]. The
big error in the step climbing pattern, 40.01 % in height, is given by the greater moment
generated by the mechanism. It can be easily shown by simulation that the farthest center
of mass point, respect to the base link, is achieved in such pattern, as a consequence, the

joint clearance (backlash effect) affects more this pattern than the others. Table 2.2
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Fig. — 2.10 Experimental transformation process from plantigrade locomotion to step
climbing (ds7 : +20%). Top: Snapshots of the experiment. A green
marker, circled by a red line, located in the foot point is tracked. The green
and red trajectories represent the plantigrade locomotion pattern and the
step climbing pattern, respectively. The white line represents an estimated
ground, it is computed because the prototype is tilted due to an inclina-
tion in the base system. The small red circle represents the origin of the
reference frame. Bottom-left: Zoomed view of the tracked trajectories.
Bottom-right: Rotated experimental leg trajectories in which the ground
line is parallel to the x-axis of the reference frame. The resulting curve

during the transformation process is shown in blue.

also presents the standard deviation of the experimental leg trajectories for each of the
evaluated patterns; in all cases these values are small, showing the good repeatability of
the developed prototype.

The above experimental validation is completed by the results presented in Fig. 2.9,
in which a comparison between the simulated speed at the foot point, magnitude of
the velocity vector of equation (2.14), and the average experimental speed, computed
from the average experimental trajectory —Fig. 2.8, is presented for the gait patterns
plantigrade locomotion, digitigrade locomotion, obstacle avoidance, step climbing, and

drilling motion. For all these cases, the obtained results and corresponding mean squared
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errors prove the adequate generation of gait patterns of the reconfigurable Jansen leg

prototype.

2.6.2 Leg transformation

The second experiment consisted in verifying the transformation process presented in
section 2.4. To this end, the transformation from plantigrade locomotion to step climbing
was tested. In this experiment, the start time of transformation was set to t, = 3.0 s with
a transformation time of At = 180 s. Figure 2.10 shows some snapshots of the experiment,
highlighting the corresponding leg trajectories during the process. The results verify that

the transformation is carried out without undesired floor contacts.

2.7 Conclusions

An original design approach has been presented in this chapter to achieve adaptive
gait patterns in legged robots for which Theo Jansen linkage forms the core. This one
degree-of-freedom linkage, that is very efficient and widely adopted in walking platforms,
has been modified to produce a wide variety of gait cycles using the reconfiguration
principle of variable allocation of joint positions. We have discussed novel approaches
to address the position analysis problem and to characterize leg transformation in this
reconfigurable design. Five gait patterns of interest have been identified, analyzed and
discussed in relation to potential future applications. These exemplary gait variations
considerably extend the capabilities of the original design not only to produce novel gait
patterns but also to realize behaviors beyond locomotion. A fully-functional design has
been presented, which enables all single-link transformations, and experimental results
with a working prototype have been reported.

A four-legged robot is currently being assembled with reconfigurable Jansen legs based
on the design herein presented. The objective with this robot is to test different reconfig-
uration scenarios and control strategies for limb specialization and graceful degradation.
Our long-term aim is to develop systematic methods to design reconfigurable robots ca-

pable of transforming in response to needs associated with environment, task, or failures.
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3 . Speed Control of Jansen Linkage

Mechanism for Exquisite Tasks

The reconfigurable Jansen linkage mechanism has the gait pattern for the plane
as well as variety of gait patterns through changing its link length, and is capable of
achieving required tasks in response to various environments. We have explored the
effective gait patterns for some tasks by utilizing the forward kinematics of the Jansen
linkage mechanism, and demonstrated its repeatability and possibility via the experiments
with the real prototype. This chapter reports a toe speed control to achieve more complex
tasks with the Jansen linkage mechanism. In order to achieve more complex tasks, delicate
control of the toe is required. Since the Jansen linkage mechanism is one of the closed loop
linkage mechanism, the trajectory of the toe is defined uniquely depending on combination
of the link length. Hence, by controlling the toe speed, the locomotion of the toe can be
controlled arbitrarily in response to intended purposes of its gait pattern. In this chapter,
as representative example of the speed control, the angle trajectory capable of realizing
the constant speed control of the toe is derived, and it is verified that the constant
speed control of the toe can be realized by utilizing the derived angle trajectory through

numerical simulation.

3.1 Trajectory Design for Constant Speed Control of
Toes

This section designs the trajectory for the constant speed control of the toe based on the

forward kinematics of the Jansen linkage mechanism. From (2.11), by solving Bilateration
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problem, the forward kinematics of the Jansen linkage mechanism can be obtain as follows:

Pi1s = <Z1,3,6 —Zerslest(—Z1,45Z134+ Z1,3,6)> Z123P1,2;

= Z1,2,8(0)p1,27 (3-1)

where, f represents the angle between the base link and the driving link from Fig. 2.1.

And, by differentiating (3.1), the toe speed can be obtained as follows:

P1s = Z1,2,8(9)131,2 +Z128(0)p1.2-

Since p1,2 =0 and ZI,Z,S(Q) = %Zl,zg(e)é,

: 0 .
P1s = %Z1 2.8(0)P1,20. (3.2)
Hence,
‘ P18 ‘ = H%Zl,z,s(g)pl,z ‘9‘ - (3.3)

From (3.3), let a target speed of the toe is ||F|| on a angle # of the driving link, a target

angular velocity of the driving link can be formulated as follows:

0= 2] . (3.4)
H%Zm,s(e)m,z

Finally, by integrating (3.4), we obtain the target driving link angle as follows:

0_/ H Ll dt. (3.5)

50 Z1,2,8 p1,2

3.2 Numerical Simulation

This section verify that the constant speed of the toe can be realized by referencing (3.5)
through numerical simulation. In the simulation, the target driving link angle from (3.5)
is substituted into equation (3.1). Also, the target speed of the toe is set as ||£|| = 4 cm/s.
Figs. 3.1-3.4 shows the simulation results, where the red line represents the results of the
proposed method and the green line represents the results of in the case of controlling the

driving link with constant angular velocity, respectively.
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Fig. — 3.3 The time variation of the norm of the velocity vector of the toe.

From Fig. 3.3 and Fig. 3.4, it is confirmed that the norm of the velocity vector of the
toe maintains the target velocity (4 cm/s) by utilizing the proposed method. Hence, the
speed control of the toe can be realized by utilizing both the target angle shown in Fig.

3.1 and the target angular velocity shown in Fig. 3.2.
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Fig. — 3.4 The trajectory of the norm of the velocity vector of the toe.

3.3 Application of Proposed Method

We have so far showed that the constant speed control of the toe can be realized by
proposed method. This section applies the proposed method, and the angle trajectory
capable of the speed control of the toe in horizontal direction is derived. For example, a
multi-legged robot requires to control the relationship between COG and the toe position
appropriately to maintain stability. However, it is difficult for a multi-legged robot with
the Jansen linkage mechanisms to control considering the stability due to its complexity.
Since the feed speeds of the toes can be controlled by this application method, the control
considering the stability can be realized.

Let the target velocity of the toe in the horizontal direction is r,. Then, we obtain
unknown target velocity in the vertical direction r, because the velocity of a closed linkage
mechanism is determined uniquely. Moreover, since it is difficult to obtain r, without
solving the forward kinematics, r, should be handled as unknown parameter. Thus, since
it is difficult to obtain the norm of the target velocity in this situation, (3.5) cannot be

solved. In the application method, (3.2) is focused. In equation, we define

%Z1,2,8(9)P1,2 = Lij )

and obtain as follows:

= 0. (3.6)
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From (3.6), since

Ty = pzea

the target driving link angle can be obtained as follows:

r
0= [ —dt. 3.7
Pz (37)

By utilizing (3.7), in the case of the multi-legged robot as an example, since the velocity
of the all supporting legs can be controlled arbitrarily, the walking control considering the

stability of the robot can be realized.

3.4 Conclusion

This chapter has reported the toe speed control to achieve more complex tasks with
the Jansen linkage mechanism. It has been proven that the norm of the toe speed bears
a proportionate relationship to the angular velocity of the driving link. And, the angle
trajectory of the driving link capable of the constant speed control of the toe of the
Jansen linkage mechanism is generated by utilizing the relationship. In addition, it has
been verified that the constant speed control of the toe can be realized by utilizing the
derived angle trajectory through numerical simulation.

The angle trajectory capable of the speed control of the toe in horizontal direction
has been derived as an application of the proposed method. By utilizing the application
method, in the case of the multi-legged robot as an example, since the velocity of the all
supporting legs can be controlled arbitrarily, the walking control considering the stability

of the robot can be realized.
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4 . An Approach to Gait Synchronization
and Transition for Reconfigurable Walking

Platforms

Legged robots based on one degree-of-freedom reconfigurable planar leg mechanisms,
that are capable of generating multiple useful gaits, are highly desired due to the possibility
of handling environments and tasks of high complexity while maintaining simple control
schemes. An essential consideration in these reconfigurable legged robots is to attain
stability in motion, at rest as well as while transforming from one configuration to another
with the minimum number of legs as long as the full range of their walking patterns,
resulting from the different gait cycles of their legs, is achieved. To this end, in this
chapter, we present a method for the generation of input joint trajectories to properly
synchronize the movement of quadruped robots with reconfigurable legs. The approach is
exemplified in a four-legged robot with reconfigurable Jansen legs capable of generating up
to six useful different gait cycles. The proposed technique is validated through simulated
results that show the platform ’ s stability across its six feasible walking patterns and
during gait transition phases, thus considerably extending the capabilities of the non-

reconfigurable design.

4.1 Specification of the Reconfigurable Jansen Plat-
form

In this section, specifications of a developed reconfigurable Jansen legged robot are
discussed. This reconfigurable walking platform is used herein as case study for the

generation of input joint trajectories to synchronize multiple reconfigurable one-degree-

49



of-freedom legs for realizing stable walking gaits.

In a previous study, we reported a reconfigurable approach to robotic legged locomo-
tion that produces a wide variety of gait curves, opening new possibilities for innovative
applications [18]. Such robot can vary its hardware morphology by parametric changes
of its link lengths. In particular, this reconfigurable linkage switches from a pin-jointed
Griibler kinematic chain to a five degree-of-freedom mechanism with slider joints during

the reconfiguration process. The identified novel gait patterns are shown in Table 4.1.

Table — 4.1 The identified novel gait patterns

Default curve Digitigrade locomotion Obstacle aboidance

v — -

C —

P~ L2 ey

It is interesting to note
that the standard foot tra-

jectory of a Jansen leg re- The shape of this curve is . .
In this case, the height

of the foot trajectory is a
36.74% of the total height

sembles to the plantigrade quite similar to the gait
locomotion of some terres- cycle of a cat [79, Fig.
trial animals. In fact, this 2|. Digitigrades tend to be

of the leg.
trajectory is quite similar very fast runners [78]. &
to those of the ankles of
rats [74].
Jam avoidance Step climbing Drilling motion
S
— —
\___/ T~ 4//k =
This type of trajectory is of
interest because facing the This curve is of interest be-

o This gamma-like pattern ) )
soil with an arc shape, al- cause its needle-like shape

is appropriate for climbing

lows to look for a suitable steps can be used for drilling ac-
support point at the same ' tivities.
time.

An essential consideration in most legged platforms that determines the required num-
ber of legs is the ability to attain stability both in motion and rest. Previous works related

to legged platforms based on standard non-reconfigurable Jansen legs have overcome the
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stability issues by utilizing more than four legs —e.g. [38]. However, increasing the number
of legs gives rise to a range of other problems including greater cost and size, a more com-
plex electro-mechanical control system, and maintenance issues. This problem becomes
even more evident in the case of reconfigurable design approaches that realize different
gaits via, for instance, changing dimensions of a set, of links in the legs. Then, any increase
in the number of legs directly contribute to the complexity of the entire system.

Given the discussed factors, the development of reconfigurable walking platforms with
a minimum number of legs is a must. However, reconfigurable designs with less than
four legs should be avoided in order to maintain simplicity and evade the related consid-
erations of Zero Moment Point (ZMP) approaches for achieving static and/or dynamic
stability [83-85]. In addition, in Jansen platforms, previous studies have shown the need
to account for toe slipping while realizing walking patterns due to difference in speeds at
which each leg moves [81]. Therefore, a ZMP-centered solution seems inappropriate. In
consequence, a four-legged reconfigurable Jansen platform is considered for the analysis
discussed in this work.

A novel mechanical approach for achieving dynamic walking stability in a standard four-
legged Jansen platform has been previously proposed and validated [86]. In this approach,
a special gear system is designed to enable 3 point leg contact with the ground surface
at any time during the walking process, thus achieving stability. However, adopting the
mechanical approach in a reconfigurable Jansen platform would require an additional
gear module for each new gait produced or every configuration of the robot. An alterna-
tive control theoretic approach is here adopted to overcome the need for additional gear
modules and associated mechanical complexities to achieve walking stability.

Figure 1.5 shows the CAD design of a four-legged reconfigurable Jansen platform. For
details of the reconfigurable Jansen leg and its different gait cycles, the interested reader
is addressed to [18]. In this robot, which possesses reconfigurable capabilities that result
from the six gait patterns presented in Table 4.1, each leg is controlled independently by
a rotary actuator. In next section, the formulation for the trajectory generation of input

joints is presented.
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Fig. — 4.1 Walking patterns in quadruped robots

4.2 Design of The Trajectory Generator

A fifth degree polynomial interpolation generates a smooth trajectory from a starting
point of a gait to an ending point as the speed and the acceleration are represented as
fourth and third degrees respectively. Since, all trajectory parameters (position, speed
and acceleration) in this approach are represented as a continuous function, load forces
to the actuators can be decreased. Given these advantages, we use this technique for our
generation of trajectories, an approach that has been successfully used previously in the
community [87] [88] [89].

The trajectories of position r(t), speed 7(¢) and acceleration #(¢) in terms of time ¢ are

defined as follows

r(t) =ast® + ast* + ast® + ast® + ait + aq, (4.1)
7 (t) =5ast® + 4aut® + 3ast® + 2ast + ay, (4.2)
#(t) =20ast”® + 12a4t> + 6ast + 2a, (4.3)
where a;(i = 0,---,5) represents coefficients and these are derived from initial states

and final states of a given gait. The initial and the final states are defined as z; and x
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respectively, and it is assumed that the states are transformed in time 0 ~ T'(constant)
[s]. Using equations (4.1)-(4.3), the initial states at the starting time, ag, a; and ay are

derived as follows

r(0) = ao = s, (4.4)
7(0) = a1 = i, (4.5)
#(0) = 2a5 = &,. (4.6)

Also, from the relation of the final states at the ending time, we have

r(T) =asT°+ asT*+ a3T*+ ayT?+ a, T+ ap= =y, (4.7)
#(T) =5asT" + 4a4T? + 3a3T* + 2a5T + a; = iy, (4.8)
#(T) =20a5T* + 12a4T? + 6a3T + 2ay = i;. (4.9)

By representing equations (4.7)-(4.9) as a matrix form, a3, a4 and a5 are derived as follows

as :Uf—xs—x'sT—%sT2
ar| =A | dp—d, - T |, (4.10)
as jff — !.i‘s
where
T° T 1%

A= |51* 41% 3T?

2073 127% 6T
Our strategy for synchronization is designed based on the trajectory generator presented
in this section. As the fifth degree polynomial interpolation can be calculated uniquely

depending upon the initial conditions z,, the final conditions x; and the transformation

time 7', the synchronization strategy is therefore designed by defining these states.
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Fig. — 4.2 The switching angles of support leg and idling leg. The red and green curves
represent the sections of the support leg and idling leg, respectively.

Table — 4.2 The switching angles of support leg and idling leg

Default Digitigrade Obstacle Jam Step Drilling
curve locomotion avoidance avoidance climbing motion

04 rad] 105 1.09 0.91 0.88 1.24 3.00
0 [rad] 5.55 4.97 0.04+2m 5.70 5.05-2r  4.89-271

4.3 Synchronization

A leg synchronization strategy for realizing a set of stable walking gaits in reconfigurable
quadruped Jansen platform is proposed. Several locomotion patterns are available from
the literature for the case of a general quadruped robot as shown in Fig. 4.1 (adapted
from [90]). Particularly, in this work, we focus on the synchronization strategy for the
“walk” pattern. The other three patterns, that involve situations wherein only two legs
contact the ground surface, are left for future work.

From Fig. 4.1, it can observed that in walk there is a switch of the idling leg with phase
of 90 degrees, and the switching sequence of the idling leg is “Left-Fore” — “Right-Back”
— “Right-Fore” — “Left-Back” — “Left-Fore” —, and so on. It could be concluded as
well that the state sequences for the walk pattern has a constant phase, if the idling leg is

assumed as a state. We use the trajectory generator introduced in section 4.2 to produce
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Table — 4.3 Initial states of each leg for the synchronization (n : count of loop of
PHASE, n = (04 — 05 + 2m)/3)

PHASE 1 [rad] PHASE 2 [rad] PHASE 3 [rad] PHASE 4 [rad] Speed [rad/s]

Left Fore 04+ 2mn 0B + 2mn O +n+2mn 04 —n+2n(n+1) n/T
Left Back 64 —27(n—1) 64—-n—-2n(n—-1) 6Op+n—2mn Op —2mn —n/T
Right Fore 6p+n+2n(n—1) s —n+2mn 04+ 270 O + 2mn n/T
Right Back g +n —2mn O — 2mn 04— 270 0a—n—2mn —-n/T

trajectories to move from one state to next one. Note that, since the walking platform
under study is based on a one degree-of-freedom reconfigurable linkage, there is no need
of a stabilization controller for the resulting trajectories.

Since the height of a leg in a platform that is based on a Jansen linkage depends only
on the angle of the driving link, the angle of the input joint, say @, the support leg and
the idling leg can be switched depending on the value of such angle. In addition, the
state transition can also be controlled by the angle of the driving link. For the purpose
of defining the order of the states through naming convention, we define the states of
the idling leg “Left-Fore”, “Right-Back”, “Right-Fore” and “Left-Back” as “PHASE 17,
“PHASE 2”, “PHASE 3”, and “PHASE 4”, respectively. The switch angles of the support
and idling legs for gaits presented in Table 4.1 are presented in Figure 4.2 and Table 4.2.

In Figure 4.2, #4 and 6 are defined by the nature of each individual gait pattern. For
the “default curve”, 64 is defined by angle of curvature at the rightmost point of the gait
pattern, and g is defined by the angle of curvature at the equivalent point at same height
on the vertical axis as 64. For the “Digitigrade locomotion” and “Step climbing”, 04 is
defined by the angle of curvature at the rightmost point of the gait pattern, and fp is
defined by the angle of curvature at the leftmost point. For the “Obstacle avoidance” and
“Jam avoidance”, 04 and fp are defined by the angle of curvature at two points of the
gait pattern that intersects an arbitrary threshold set on the vertical height axis whose
value is chosen to be lower than the height of the rightmost point of the gait.

In the case of “Drilling motion”, fp is defined by the angle of curvature at the lowest
vertical height point of the gait pattern and 6, is defined by the angle of curvature of
an arbitrary point on the right-center of the gait pattern. Such atypical angular values

are utilized for the “Drilling motion” because the pattern represents a tooling task that
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Fig. — 4.3 The simulation result of the synchronization for the stable walking (left).
Red leg : Left-Fore leg. Green leg : Left-Back. Blue leg : Right-Fore.
Purple leg : Right-Back. The generated trajectories for the driving link
(right-top). The gait pattern of “Obstacle avoidance” (right-bottom).

is very different from walking, as it is the case in the other gait cycles. The initial states
of each PHASE are presented in Table 4.3 and the final states of each PHASE are the
initial states of next PHASE. By utilizing these initial and final states and the trajectory
generator designed in section 4.2, the stable walking for the obstacle avoidance gait can
be realized as shown in Figure 4.3.

The proposed trajectory generator is useful in realizing a set of stable walking gaits

achieved through synchronization of leg movements.

4.4 Static Stability Analysis of the Realized Gaits

This section presents the results of the static stability analysis for the intermediary
phases of the walking gaits considered in this study. Relation between the support legs
and center of gravity (COG) of the robot are presented in Table 4.4 where black points
represents the COG of the robot, and red points, blue points, green points and purple
points represents the contact point of the support legs, and the gray line represents the
static stability zone.

These static stability results show the proposed approach generates walking gaits whose
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Table — 4.4 Results of the static stability analysis of the synchronization
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constituent phases possess static stability —observed by the existence of center of gravity

within the static stability zone. However, low stability margins are witnessed in Table 4.4

when computed by known evaluation methods [91-93]. This results from the fact that

the idling leg moves on a specific plane, and movements outside it cannot be physically

achieved or controlled. Several solutions can be identified in order to improve such margins

while maintaining the simplicity of control, for example, adding a horizontal moving

weight in the body that moves away from the idling leg. In any case, this is an aspect
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that deserves further research.

4.5 Characterization of Gait Transition

We have so far discussed leg synchronization problem associated with gait generation
and stability analysis for a set of synthesized walking gaits in a reconfigurable Jansen
platform. Another key challenge in such shaping shifting robots is to realize a stable
gait transition. Two approaches have been put forward in the literature, [94] proposes
a strategy that involves gait transition at rest (Static gait transition) and [95] studies
gait transition while in motion (Dynamic gait transition). The static gait transition has
obvious advantages allowing switching of gaits within a restricted space as well as increased
stability due to the robot platform being at rest. On the other hand, the dynamic gait
transition allows for a seamless switching of gaits as the process happens in motion without
any disruption. In this chapter, we presents our experiments utilising both the static and
dynamic approaches to gait transition. Both the approaches are compatible with the
proposed trajectory generator where the transition of gaits is achieved by substituting
the initial and final states together with the link dimension and angle of the driving link
into the trajectory generator as discussed in Section 4. These set of associated variables
are then defined namely, # represents the angle of the driving link, I represents the length
of the variable link (for example, it is PP, and P;Ps in the case of transitioning from
“Obstacle avoidance” into “Jam avoidance”, see details in [18]), and y represents the
height of whole leg. In addition, a prime added 7 to these variables represents the state

after transition.

4.5.1 Gait Transition I -Static gait transition-

In this method, the robot changes gait while at rest involving transitioning of all legs at
the same time while in contact with the ground. Such an approach where the initial state
of gait transition corresponds to the resting PHASE is set to ensure increased stability. In
general, a gait transition in this case would start with bringing the robot platform to rest
at the initial state of either one of the PHASE, realize gait transition and restart motion

upon completion of the structural changes needed for the gait transition.
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In the case of transitioning from PHASE i(i = 1,--- ,4) of pattern A to another pattern
B; 0, 1 on the PHASE i(i = 1,---,4) are defined as the angle of the driving link and
length of the variable link at the initial state and ', I' are defined as the values at the

final state. These values are then fed to the proposed trajectory generators to achieve
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Fig. — 4.4 The transformation from “Obstacle avoidance” to “Jam avoidance” by Static
Transformation. Top: Some steps of the transformation. The binary links
of variable dimension are highlighted in orange-red and dark-blue. Bottom:
The generated trajectories for the driving link.
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synchronisation of legs for stable gait transition. Since it is assumed that the robot is at
rest at the initial and final states, their velocity components are defined as 0 = 0, 0 = 0,
l= 0, i =o0. Figure 4.4 presents the gait transition from “Obstacle avoidance” into “Jam
avoidance” at rest as an example. The binary links of variable dimension are highlighted

in orange-red and dark-blue in the presented figure.

4.5.2 Gait Transition II -Dynamic gait transition-

In this method, the gait transition occurs while in motion and specifically during walking
in this case. The proposed trajectory generator as discussed in the previous sections
is utilised to achieve synchronisation of the legs needs for stable gait transition. Gait
transition in this case may involve legs in different configurations leading to large height
difference between the supporting legs irrespective of having a same height of #4 and g set
during the synchronisation phase. Other negative implications could involve supporting
legs not coming in contact with the ground or idling leg coming in contact with the ground.
To avoid these pitfalls, the height of the leg after transition is set to the same height of
04 that exists before gait transition. In our previous study [18], the height of each leg
in specific configuration was dependent directly on the angle of the driving link and the
link dimensions while the gait transition always occurred at the lowest point of that gait
pattern. On the other hand, in this study, the height of each leg in specific configuration
is also adapted utilizing the designed trajectory generator as the gait transition occurs in
the idling phase while the leg is not in contact with the ground.

The initial and final states of the idling leg is shown in Table 4.5, where f(f, 1) represents
P, P; for the angle of the driving link # and the link dimensions I. And, the ones for the
supporting legs are shown in Table 4.3, where the parameters of a transformed gait is
used for the legs upon transition. Figure 4.5 presents the dynamic gait transition from
“Obstacle avoidance” to “Jam avoidance” as an example. The binary links of variable
dimension and the vertical movement of the grounded revolute joint centers are highlighted

in orange-red, dark-blue, and light-green in the presented Figure.
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Table — 4.5 The initial and final state of the idling leg in the Transformation in Walking.
(f(6,1): Length of P, F)

Variables Initial states Final states
position[rad] 04 0
speed[rad/s] +n/T +n'/T

. PiP;:a PP;:0
; position[%] PP 0 PP
speed[%/s] 0 0
position[m] 0 f(0a,1) = f(0p,1)
Y speed[m/s] 0 0

angle
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Fig. — 4.5 The transformation form “Obstacle avoidance” to “Jam avoidance” by Trans-
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formation in Walking. Left: Some steps of the transformation. The bi-
nary links of variable dimension are highlighted in orange-red and dark-
blue. Right-Top: The generated trajectories for the driving link. Right-
Bottom: The foot trajectory of leg “Left-Fore”. The green and red line
represents the trajectory of the idling leg and the support leg, respectively.
The blue line represents the foot trajectory under the transformation.

4.6 Stability Analysis of (Gait Transition

This Section presents the static stability analysis for all gait transitions synthesized

with our reconfigurable Jansen platform. Firstly, we will discuss the stability analysis of
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the static gait transitions where the transformation occurs always on the initial state of
the PHASE. As shown in Figure 4.2 and Table 4.3, the robot would maintain stability in
the case of static gait transitions given that the legs are always in contact with the ground.
Also, the use of sliding screw mechanism for achieving structural reconfiguration of the
platform prohibits any instantaneous gait transitions and associated stability issues. As
for the stability during dynamic gait transition, the relationship between the support legs
and COG of the robot for all gait transitions are presented in Table 6. In case of PHASE
1 and PHASE 4, the static stability would be maintained as illustrated in Table 4.4 given

that all support legs are in the same configuration before and after gait transition. Hence,
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idinglec @ © @ O idligg leg
® O Oidingleze @ © idling leg @

Left Right  Left Right Left Right Left Right
Back Back Back Back Back Back Back Back
PHASE 1 PHASE 2 PHASE 3 PHASE 4

Fig. — 4.6 The variety of the supporting leg polygon of the quadruped robot. The gray
area represents the static stability zone.
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Fig. — 4.7 The positional relationship between a line on the 2 legs in opposing corner
and the COG which is relevant to the static stability. If the COG exists in
side of the support leg than the line, the robot is static stable.
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the focus of our further discussion will be on the static stability analysis in the PHASE 2
and PHASE 3. Table 4.6 presents the stability analysis with respect to PHASE 2 where
the black points represents the COG of the robot, whereas red points, blue points, green
points and purple points represents the contacting point of the support legs, and gray line
represents the static stability zone. From Table 4.6, it can be inferred that the proposed
approach ensures stable gait transition in PHASE 2 while walking as the center of gravity
always remains within the static stability zone.

Our quadruped robot always walks with three support leg and one idling leg forming
a triangular supporting leg polygon. For such a configuration, the stability of the robot
would be ensured if the COG falls within the supporting leg polygon. Our case involves
four potential variants of triangular polygons as presented in Figure 4.6. When the COG
of the robot exists at its center, then the positional relationship between a line connecting
the two legs in opposing corners to which the COG is nearest and the COG directly
impacts the static stability. In general as shown in Figure 4.7, if the COG exists inside
the triangular polygon formed by the supporting legs and the line connecting the two legs
in opposing corners to which the COG is nearest, then the robot is statically stable (Figure
4.7(a)) else unstable (Figure 4.7(b)). For situations involving gait transitions as shown in
Figure 4.8 from gait A to gait B, our approach ensures that two of the supporting legs in

opposing corners would always have the same configuration. Such an approach ensures

Left Right  Left Right  |eft Right  Left Right
rore Fore Fore Fore Fore Fore Fore Fore

IQ‘EQ"I}]I'EE

’Q Q'Q . Q B‘. E]‘
Left Right Teft Right  Left ngﬁt Left ngﬁt

Back Back Back Back  Back Back Back Back
PHASE 1 PHASE 2 PHASE 3 PHASE 4

Fig. — 4.8 The variety of combination of the gait pattern. “A” within circle and “B”
within square represents a gait pattern A and a gait pattern B, respectively.
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Table — 4.6 Results of the static stability analysis of the gait transition IT -Dynamic

gait transition-

Default curve

Digitigrade Obstacle Jam Step Drilling
locomotion avoidance avoidance climbing motion
r ’ A a * G §
. . .
o e ] ° | e
Digitigrade locomotion
Default Obstacle Jam Step Drilling
curve avoidance avoidance climbing motion
* s . El
o e L [ ] [ ]
Obstacle avoidance
Default Digitigrade Jam Step Drilling
curve locomotion avoidance climbing motion
0 y ® R'h " ® Iy [) ’ “ o L:;?B:k “
® ] o | ) e )
Jam avoidance
Default Digitigrade Obstacle Step Drilling
curve locomotion avoidance climbing motion
0 y 0 R'h " 0 Iy o " o L:;?B:k “
L C e e e
Step climbing
Default Digitigrade Obstacle Jam Drilling
curve locomotion avoidance avoidance motion
[) | [ ,I‘E‘ ' [ ; ' e ; “ (] E‘%?B:%E “
[ ] @ | ® i ) =
Drilling motion
Default Digitigrade Obstacle Jam Step
curve locomotion avoidance avoidance climbing
M EED r 28] g8l *oEEl L EE
i ) [ ] { ] = o

64




static stability while gait transition in motion with respect to PHASE 3. Thus, the static
stability of the dynamic gait transition can be achieved by realizing static stability of the

realized gaits and the stability in PHASE 1-4 of the gait transition.

4.7 Conclusion

An original design approach has been presented in this chapter towards development
of a trajectory generator that realizes a set of stable walking gaits and gait transition
for a reconfigurable Jansen platform. We have discussed a novel strategy to address the
leg synchronization problem in this reconfigurable design and gait transition. Stability
analysis is presented for prospective six gait patterns generated and all gait transitions
by the reconfigurable platform and results discussed in view of validating the proposed
approach. The ability to adapt to situations and produce appropriate stable gaits and
switch between gaits would extend the capabilities of the robot beyond their intended
application. A four-legged robot is currently being constructed to validate the robustness

of the produced gaits and control approaches for real world deployments.
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5 . Dynamic Modeling and Nonlinear
Position Control of a Quadruped Robot

with Theo Jansen Linkage Mechanisms

The Theo Jansen mechanism is gaining widespread popularity among the legged
robotics community due to its scalable design, energy efficiency, low payload-to-machine-
load ratio, bio-inspired locomotion, and deterministic foot trajectory. In this chapter,
we perform dynamic modeling and analysis on a four-legged robot composed of the Theo
Jansen mechanisms which is never done in the literature. The projection method is applied
to derive the dynamic model because of its powerfulness in modeling such complicated
system. Then a position control strategy is proposed based on energy control. Finally,

numerical simulations validate the efficacy of the designed controller.

5.1 Free-Fall Model

The schematic diagram of the quadruped robot is shown in Fig. 5.1. This quadruped
robot is composed of four Jansen linkage mechanisms and five gears which is driven by
only one input to the bright yellow gear. The colors of red, blue, green, and purple
represent legs of Left-Fore, Right-Fore, Left-Back, and Right-Back respectively. As a
matter of practical convenience, we define ¢ = r,l and j = f,b in this chapter unless
otherwise noted where r, [, f, and b represent the right leg, left leg, fore leg, and back leg,
respectively. The robot contacts with the ground on only toes, and x axis represents the
ground. Because the four legs are the same Jansen linkage mechanisms, the free-falling
model of the whole robot is derived by establishing the dynamic models of the single

Jansen linkage and the gear system independently and then integrating the two models.
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Fig. — 5.1 Schematic diagram of the quadruped robot composed of four Jansen linkage
mechanisms and five gears which is driven by only one input to the bright
yellow gear. The red, sky blue, green, and purple represent Left-Fore, Right-
Fore, Left-Back, and Right-Back respectively.

5.1.1 Dynamic Model of Jansen Linkage Mechanism

The schematic diagram and the coordinate system of a single Jansen linkage mechanism
are illustrated in Fig. 5.2. The physical parameters of the Jansen linkage mechanisms
are tabulated in Table 5.1. The lengths of links adopted for the design in this study are
listed in Table 5.3 [18]. It is assumed that the gravity center of every link locates on the
center of the specified link, and the gravity center of each triangle locate on vertex of three
median lines. The angle between the gravity center and the corners of the triangle, and

the length from the gravity center to the corners of the triangle are calculated utilizing
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the law of cosines and are given in Table 5.2.

S < (KijeYije),

a..
G~ gtk
eij
Yijs
Bije7* [ Y

\
\hij
\
\

0

Fig. — 5.2 Schematic diagram of the Theo Jansen linkage mechanism with all param-
eters defined. The solid lines l;;1, lijo, lij3, lijs, lije, lij7 are the links; the two
blue triangular parts are treated as the mass components; the dashed lines
connect the gravity center of the mass and the corners of the triangle parts.

Table — 5.1 Physical parameters of the Theo Jansen linkage mechanism. ((,& =

1,---,8)

Parameter Notation Value
Inertia moment [kg-m?] Jijc 0.01
Mass [kg] Mij¢ 0.1
Viscous friction coefficient [Nm-s/rad] Cijce 0.01
Height of link-1 [m] ho 0.02316
Length of link [m] L17... 12
Length from extermity to gravity center [m] dijc
Length from gravity center to end [m)] lijc

dija,8}
Length from gravity center to corner of triangle [m] lij{a,8}

hijga,sy

®ij{4,8}
Central angle of triangle [m] Bij{a8)

Yij{4,8}

To construct the constraint-free dynamic model based on Fig. 5.2, first of all, the
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Table — 5.2 Kinematic parameters of the Theo Jansen linkage mechanism

Parameter Value
dija 0.0606657 m
hij4 0.0882124 m
dijs 0.0739384 m
hijg 0.126316 m
Qljj4 1.87097 rad
Bijfl 2.4248 rad
Vij4 1.98742 rad
Q58 1.57408 rad
Bi]’8 2.51629 rad
Vij8 2.19281 rad

Table — 5.3 The lengths of links adopted for the Theo Jansen linkage mechanism of this
study

Link Value (m)

L, 0.16218
L, 0.05417
Ly 0.174425
L, 0.117645
Ly 0.12567
L 0.11754
L, 0.12671
Ls  0.17974
Ly  0.19161
Liy 0.16169
Li;  0.11967

Ly, 0.217995

generalized coordinate of this system is defined as

T

Lpij = 9ij1 Tijr Yij1 - 9ij8 Tijs  Yijs| > (5-1)

where 6,;:(k = 1,---,8) represents the absolute angle of each link, and (z;jx, yiji) (k =
1,---,8) represents the absolute coordinate of each link. The translational and rotational

motions of each constraint-free object that forms the robot are expressed in the vector

form with the generalized coordinate (5.1) as presented below,

M,;jfl}pij = hi]’, (52)
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where the generalized mass matrix M ;; and the generalized force matrix h;; are defined

as

Mij :dlag(Jijla M1, Mij1, 0, JijSa mMy;8, mz’jS)a

Cij12<i-5ij12 + Cij14¢-5ij14
0
—mij19
—~Cij12bijia + Cijosdijos
0
—mMij29
*Cij23<2.5ij23 + Cij34¢.)ij34 + Cij36¢.’ij36
0
—m;;39g
—Cij1abij14—Cij3a0ij3a+Cijasbijas+Cijarijar
0
—Mmij49g
*Cij45<2.5ij45 + C’ijsad;ijsa + C’ijssd;ijss
0
—Mij59
—Cijasdijze — Cijsedijse + Cijesdijos
0
—mijeg
~Cijardijar + Cijrsbijrs
0
—mij79
*Cij68<2.5ij68 - Cij78<l.5ij78
0

—mi;gg

Where ¢ijC§ = 9ij§ — 927-4, (C,f = 1, s ,8)
In the next step, the constraint matrix C;; which holds C;jpi; = 0 is derived from
constraint conditions. The coordinates of the gravity center and the length of each link

satisfy a certain relationship geometrically. By taking into account these geometric rela-
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tionships, the holonomic constraints are formulated as follows:

Phij=

Tij2 — Tijj1 — lijl COS Oijl — dijQ COS 91']'2
Yij2 — Yij1 — lij1 sinb;j1 — d;jo sin ;59
xijg, — a,‘ijg — lijg COS 92'9'2 — dijg COS Hijg,
Yij3 — Yij2 — lijosin ;o — djj3 sin 653
xij4—xij3—lz~j3 COS gijg—lij4 COS(Qi]‘4+aZ’j4)
Yija—Yij3—lij3 sin 0;53—1; 4 sin(0;ja4vija)
Tij4 — Tij1 + diﬂ COS 92'9'1 - dij4 COS Qi]‘4
Yija — Yij1 + dij1sinb;j1 — dijasin 04
xi]‘5 — fiﬂ + diﬂ COS 92'3'1 - dij5 COS Qi]‘5
Yijs — Yij1 + dij1sin ;51 — d;js sin 655
Tij6 — Tijs — lz'j5 Ccos 92'3'5 + lz'jﬁ Ccos 9ij6
Yije — Yijs — lijs sin b5 + l;j6 sin 66
Tije — Tij2 — lij2 cos 0352 — djje cos b6
Yije — Yijo — lijosinb;jo — djje sin b6
Tij7—Tijathija cos(0;ja—ija)—d;j7 cos O;47
Yijr—Yijathija sin(0ija—yija) —dijr sin 057
Tij8 — Tijs — lij5 coS 91']'5 + dijg coS 9ij8
Yijs — Yijs — lijs sinOijs + dijs sinbyjs

Iijg—Iiﬂ—liﬂ coSs 91'j7+lij8 cos(ﬁijg-l-aijg)

| yijs—yijr—lijr sinOij7+lijs sin(0;js+aijs)

Then the constraint matrix is defined as

C;; = )
J 8£Bpij

(5.3)

The constraint dynamical system can thus be formulated by adding the constraint term

(5.3) with Lagrange’s multipliers A;; to (5.2) as

M jipi; = hij + CijNij.

(5.4)

Moreover, the degrees of freedom of the unconstraint system is found to be 24 from

(5.1). The degrees of freedom should be constrained by 20 holonomic constraints in this

system. Therefore, the degrees of freedom of the constrained dynamical system (5.4) is 4.
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The tangent speed of the constrained system is denoted as,
. . . T
q;; = [%‘1 Tij1 WYijt 9ij2] :
T
Setting a partition symbolically as v = [qZTJ v%ij] where vp;; shows dependent ve-
locities with respect to g;;. Cjj is decomposed into Cj = [Ciﬂ Cij2] satisfying
CijTpij = Cijlqij + Cij2vpsj. Djj is the orthogonal complement matrix to C'; satisfy-
ing Ci]‘Di]‘ = 0, “Epij = Dijqij, and
I4><4

Dij = )
—C:5Ciin

ij2

where I*** represents the identity matrix I € R***.
Finally, multiplying (5.4) by D;frj from the left side and substituting the coordinate
transformation @ps; = Dj;jq;; into (5.4) can eliminate the constraint term with Az;, and

the dynamic model of the Jansen Linkage Mechanism is

Dj;M;Di;d;; + Dj;Mi;Di;q;; = Dijhij. (5.5)

5.1.2 Dynamic Model of Gear System

After the establishment of the dynamic model of the Jansen Linkage Mechanism, the
dynamic model of the gear system [86] is derived following the same steps as Section
5.1.1. Table 5.4 gives the notations and values of the physical parameters of the gear
system. Fig. 5.3 illustrates the schematic diagram and coordinate system of the gear
system consisting of six gears where the subscripts + and m represent the frame of the
gears and the driving gears including, respectively. The two driving gears are driven by
an actuator and rotate synchronously. Meanwhile, the four driven gears are driven by
the two driving gears. The frame is used to fix all the gears. All gears are non-circular
gears [96-98] which vary their gear ratios during rotation, but the driven gears rotate one
revolution with respect to one revolution of the driving gear. In addition, the gear ratio

of each gear varies depending on the angle between the driving gear and the gear frame.
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Table — 5.4 Physical parameters of the gear system.

Parameter Notation Value
J, 0.01
Inertia moment [kg-m?] I 0.01
Jii 0.01
m, 1.0
Mass [kg] M 0.1
mij 0.1
C, 0.01
Viscous friction coefficient [Nm-s/rad| Ch 0.01
Cij 0.01
Center distance of gears [m] d 0.1

b N
lij d/\/2

Length of frame [m]

Radius of gears [m] "'mij
Tij
Based on these conditions, the gear ratio is defined as:
(
Op—0 : .
% OO in]2 (High Speed Ratio),
Tmij =
0 m—0 .
\ mg‘:ng;ﬂ, (Low Speed Ratio),
)
/2 . .
- % m, (High Speed Ratio),
1]
3 /2 .
\dm, (Low Speed Ratio),

where, 04 and A are with respect to each gait pattern of the Jansen linkage mechanism
(04 = 1.05 rad and @5 = 5.55 rad in this chapter).
The constraint-free model is derived according to Fig. 5.3 with parameters defined in

Table 5.4. The generalized coordinate of this system is given:

T
Tpg=10, ., Y, Om Twm Ym Oy Tij Vij| > (5.6)

where, 0, m.i; and (T, m.ij, Ym.ij) represent the absolute angles and coordinates of the gear

frame, the driving and driven gears, respectively. With the generalized coordinate (5.6),
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X

Fig. — 5.3 Schematic diagram of the gear system with parameters defined. The black-

margined gear represents the driving gear, and the other gears represent the
driven gears.

equations of motion concerned with the gear system are formulated below:

Mg2pg = hy, (5.7)

where

M, =diag(J,, m,, m,, Jom, My, M, Jij, Mij, M),
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and

[—7 + Con (0, — Om) + Ci (6,
0
—mg
7 — Com (0, — 6)
0
g
—Crf (00 = 0rp)
0
—mypg
*Crb(éL - érb)
0
—Mypg
—Ciy (0. — Oiy)
0
—myfg
—Cy (0, — 1)
0

L —mppg

with 7 representing the input torque.

— 03]

The coordinates of the gravity center and the length of each link are correlated geomet-
rically. And the rotation angles and radius of gears also conform to some relationship.

Based on these relationships, the holonomic constraints are formulated as follows: For the
gravity centers and gear ratio, the holonomic constraints are formulated as follows:

Hrf-l-

T — L, — ly,sin ),

Ym — Yo — lm COS HL

Trf Trf
Zrg — T, + lpfcosh,
Yrf — Y+ lrf sin §,
grb + T:;b 0m _ TmrbtTrp 9L

Trb

Tpp — X, — lppcOSB,

Yro — Yo — lypsin,

elf + Tmlf 0m _ TmiftTiy 0L

rif rif
xif —x, +lijpcosb,
Yir — Y. +llf sind,

Tmlb _ rmiptTi
0lb + rib am b 61,

T — 2, — ljp cos B,

yip — Y. — lipsin,

va‘fe _ va‘f+r7‘f0
m L

The corresponding constraint matrix Cg which holds Cy&p,g = 0 is defined as

0Py

0T pg

Cy:
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Subsequently, the constraint dynamical model can thus be obtained by adding the con-

straint matrix with Lagrange’s multipliers A4 to (5.7) as
M gitpg = hg + CI . (5.9)

The degrees of freedom of the unconstraint system are found to be 18 from (5.6) which
should be constrained by 14 holonomic constraints in this system. Therefore, the degrees
of freedom of the constrained dynamical system is 4. The tangent speed of the constrained

system is
. . . T
qg = 9L j;l, yl, Hm
The orthogonal complement matrix D, is obtained according to the same steps as Sec-

tion 5.1.1. Multiplying (5.9) by DZ; from the left side and substituting the coordinate

transformation &,y = Dgq, into (5.9) yield the dynamic model of Fig. 5.3:

DIMyDyg, + DIM,Dyq, = D] hy. (5.10)

5.1.3 System Integration

Up to now the dynamic models of the Jansen linkage mechanisms and the gear system
have already been established. Then the whole constraint-free dynamic model of the

quadruped robot can be obtained by integrating (5.5) and (5.10):
Mz, =h, (5.11)

where

T
Tp = |q) qz-—’f q}} Ao 9G]

M =diag(D] ;M ,¢D,s, DM D¢, D], M, D,y, D, M, Dyy),

Dlih,y — DM, ;D ¢q,;
D{;his — D{;M3Disq,;
D]y — DI,M 5 Dybd,y

D} hy, — DYy M1, Dipay,
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Again, given the holonomic constraints of the gravity center of each link,

0,11 — 0, — tan *(Ly/ho)
Trp1 — X, + lppcos B, + 151 cos Oy
Yrp1t — Y, + Lpsind, + 1y sin 0,

9rf2 4 r::rff 0, — Tmrf+Trf 0,

Trf

Opp1 — 0, — tanfl(—Ll/ho)

Tpp1t — Ty, — lrb COS HL + lrbl Cos erbl

Yrol — Yo — lrb sin 01, + lrbl sin 01"1)1

9’!‘b2 + Tmrb 0m _ Tmrb+Trb 9L
b Trb

¢h = TT = 07
01f1 — 0L — tan_l(Ll/hO)

Tip1 — o, + lip cos O, + Ly cos Oppy
Yt — Yo llf sinf, + llfl sin Hlfl
Oypo + midLf,, — mtg

rif rif

9”)1 — HL — tan’l(—Ll/hO)

Ty — T, — lp 08 0, + iy cos Oy

Yt — Y, — lipsin 0, + [y sin Oy

T'mlb _ Imib T
ele + W em T 9L ]

the constraint dynamical system is thus

Mi, =h+C"\, (5.12)
where
P
c.— 2% (5.13)
oxp

From (5.11) we find that the the degrees of freedom of the unconstraint system are 20 and
constrained by 16 holonomic constraints. Hence, the degrees of freedom of the constrained
dynamical system is 4.

Finally, by multiplying (5.12) by D" (where D is the orthogonal complement matrix)

from the left side and substituting the coordinate transformation &, = Dgq into (5.12),
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the dynamic free-falling model is
D"MDg+ D"MDg = D"h, (5.14)

where
T

q = 0.1, j"L z./L ém
is the tangent speed of the constrained system which is the same as that of the gear

system.

5.2 Plant Model

The derived dynamic model (5.14) is the free-falling model which does not include
reaction force from the ground. However, such force exist and can not be neglected in
real situation. In this section, the dynamic model including the floor reaction force and
the collision with the ground is derived by expanding the free-falling model.

Our previous study has shown that the toes of the Jansen linkage mechanisms slip
consistently while walking [81]. Hence, the further dynamic model considering friction is

derived in this section by assuming that the coefficient of friction is uniform.

5.2.1 Contact with the Ground

We consider the floor reaction force by expanding the constraint matrix using the pro-
jection method [99]. Contacting the toes with the ground can be regarded as constraining
the toes on the ground (i.e., on the x axis). Thus, the floor reaction force is derived by
including the constraint when y-coordinate of the toe is less than 0 and the constraint
force of the toes is greater than 0 (i.e., the force is generated from the ground to the
robot). Since this constraint can be described by the position constraint which is the

holonomic constraint, the constraint matrix is defined as:

T
c,=lcr, cr o, ol .
Ci':—”, (ti-SOO)\fi->0),
J amp J J

78



where t;; = yijs + hijssin(f;js — Vijs), and Ay;; represents the floor reaction force. Also,

by utilizing the constraint matrix, (5.12) is expanded as

T

C

Mi, =h+ , (5.15)

Cp Ap
which can be projected to the tangent speed space using the orthogonal complement
matrix D, and then the motion equations including the contact on the floor are formulated

as

D"MDg+ D"MDg= D"h+ D"CL,. (5.16)

Next, the friction force will be included in the model. Some linear/non-linear friction
models have been already proposed in refs. [100-103]. In this study, one of the simplest
friction models which is composed of only kinetic and viscous frictions is applied because
it has been assumed that the coefficient of friction is uniform. The kinetic friction force is
generated when the toe has a speed and the viscous friction force is generated in proportion

to the speed of the toe. Hence the friction model f is represented as

T
f=1f1tDey frsDeo fizDiy fiyDis| > (5.17)

where

Z21x1
hijS Sin(gijS - ’Yijs)()\ijﬂdsgnéz’js + Muézjs)
AijhaSgNT 558 + Ly Tijg

0

with kinetic friction coefficient p4, viscous friction coefficient ji,, and zero matrix Z™*".

(5.17) is projected to the tangent speed space utilizing the orthogonal complement matrix
and then substituted into (5.16). Finally, the motion equation of the quadruped robot

with the Jansen linkage mechanisms considering the friction force is obtained:

D"MDg+D"MDg=D"h+ D"CI\,+ D"F. (5.18)
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5.2.2 Collision with the Ground

As a assumption, the collision between the ground and the toes are non-completely-
elastic collision. Based on the projection method, we assume that a impulse is input at
the moment when the collision occurs, and the tangent speed after collision can be derived
from the one before collision [99,104]. The tangent speeds before and after collision are

defined as ¢~ and ¢" respectively, and their relationship can be expressed as:
gt =H(I-M'Cc’(C'M'C")"'C"\Dq, (5.19)

where

H = |:I4><4 Z4><16:|

and C' represents the constraint matrix after collision which is defined as

C' =
Cp

5.3 Control System Design

So far we have the dynamic model taking into account the floor reaction and friction
forces. However, the coefficient of friction is unknown in general that it is difficult to use
the dynamic model into the controller. Therefore, the controller is designed by utilizing

the approximate model based on the approximation conditions [105].

5.3.1 Approximate Model

Following two approximation conditions set based on characteristics of the model and
the mechanism, the approximate model is derived.

The first approximation condition is the contact with the ground by two legs consis-
tently. The model is a two-dimensional model, and the heights of the legs are not equal
generally in different angles of the driving link in a complex linkage mechanism such as
the Jansen linkage mechanism in this case [86,106]. And it is not general to contact
the ground by three legs. Hence, the condition of contacting the ground by two legs

consistently can be approximated.

80



The second approximation condition is that one leg does not slip. Such state represents
to walk with the highest efficiency. Referring to ref. [28], we know that the Jansen linkage
mechanism is able to walk with high efficiency in general. Thus, this condition can also
be approximated.

For the first approximation condition, contacting with the ground by two legs can be
regarded as constraining the toes on the ground (i.e., on the z axis). For the second
approximation condition, one leg does not slip can be regarded as that the toe does not
have the speed in x direction. Since these two constraints can be described as the position
constraints, they can be treated as the holonomic constraints. The new constraint matrix

is defined as follows:

T
Ca - sz 051 03;2 ’
C.. — O(xjs + hijs cos(b,js — vijs))
ar 8$p )
ot,;
Car = 5, (trj < 1)),
p
oty;
Caz = ﬁ, (ti; < tij),
p

where t;; = yijs + hijs sin(6;;s — 7vijs). Using this constraint matrix, (5.12) is expanded as

T
) C A
M, = h + , (5.20)
Ca Aﬂ/

which can be projected to the tangent speed space by using the orthogonal complement

matrix D. Thus we have the motion equation including contact forces on the plane:

D" MDg+ D"MDg= D"h+ DTCI),. (5.21)

5.3.2 Transformation of Dynamic Model

Due to the presence of Lagrange’s multiplier A,, model (5.21) which represents the
constraint forces occurring on each constraint condition can not be utilized directly to
the controller. To do that, (5.21) needs to be transformed into a usable form for the

controller.
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In the first step, the constraint forces of the system are obtained using the projection

method [107,108]:
A=(CM'Cc"'C(Dg—- M 'h).

Hence, the constraint forces of the dynamic model (5.15) can be represented as

A . T
=(CM~'C )'C(Dg— M"h), (5.22)
Aa

where

In the second step, the generalized force matrix h is expressed as the sum of three

terms:

h=FEu+ Fq+ Gg,

where u is the input torque, and

E:a—h:DT ET ET. ET ET ETT
ou 8 g rf rb lLf b ’
d(h — Eu) .
F=—__ =D (F{—F
aq s( 1 2)
= DI (diag(F;;) — M ,diag(Dy;))D,
Q- d(h — Eu— Fq)

dg
T

_ T
=D, |\G] GI; G, G|, G|
with the following components:

D, = diag(Dy, Dyg, Dy, Dyg, Dyp),

Ms = dia‘g(MgaM'l’faMrb; le;le)a

O
E,,=—Y
I ou '’
g - Olhij — Eiju)
ij aqw )
Gi; = O(hij — E;ju — Fijdij)‘

dg
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Substituting the above terms into (5.21) and (5.22) and further simplification generate

the following model for the controller:

D"MDg+ DY (MD - F — a)q§ — DY (G +~)g = DY (E + B)u, (5.23)
where,
N AN =1 AT 1A T -1
a=C (CM™'C" )'C(D-M"'F),
~T A

—-C'(CcMmC ) 'eM G,

5.3.3 Control System based on Energy Control

The control system is designed based on the dynamic model and the energy control
which was proposed by Astrom et al. as a control method focusing on the energy of the
system [109-111]. The energy based control is better than state space representation for
controlling complicated mechanisms, such as the quadruped robot with the Jansen linkage
mechanism in this case. To realize the position control using energy approach, a potential
field [112-115] is introduced. As for the potential field, the target position is designed
as the point where the potential is the lowest. Hence, the process of motion control is
the process that the energy of the robot is converging to the lowest potential, namely the

target position. We define the potential field as
E, = ky(z, — 1,)%, (5.24)

where the current position of the robot is defined as z,; x, represents the target position
and is defined as z, = 0; k, is the gradient of the potential field. The kinetic energy of
the system is defined as

Ep = &) M ,&,. (5.25)

Combining (5.24) and (5.25), the total energy F of the system is

E=E,+E, (5.26)

83



Then we design a Lyapunov function
1 2
V= §(E — E,)?, (5.27)

where E, is the target energy, that is E, = 0. Solving the differential of (5.27), we have

V =FF = (Ey+ E,)(F. + E,), (5.28)
where
. d
E, = %kp(:rb —z,)?
T
= 2%k,w,d, = 2k, 4" [o, 2,0, 0] (5.29)
and
d1
E,=— &) M&, = &) M i,

dt2 P

Considering &, = D,Dg,

E,=¢"D"D'M,D,Dg+ D,Dg+ D,Dq)

=q¢"(D"MDG+ D"MDg+ D"Fyq). (5.30)
Transforming (5.23) into
D"MDg+D"MDg+ D"Fyq=D"(E + B8)u+ D"(Fy + a)g+ D" (G +v)g
and then substituting it into (5.30) yields
Ey=¢"(DT(E + B)u +DT(Fy + a)qg +D7 (G + v)g). (5.31)

Substituting (5.29) and (5.31) into (5.28), the differential of the Lyapunov function can
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be represented as

. T
V = (B+E,)q" (D" (B + B)u+ D" (F1 +a)g + D"(G +4)g + 2k, [0,2,0,0] ).

(5.32)

To ensure the Lyapunov stability (namely to satisfy V< 0), we choose the input torque

w=—(D"(B+ B)) (KBt B)a + D' (G +7)g + 2k [0,2,0,0] ). (539

where T denotes the operator of pseudo inverse; k£ denotes the tuning parameter, and
satisfies k£ > 0.

Finally, substituting (5.33) into (5.32), we have
V =(E + Ep)qT( — k(Ey + E,)q — DT(G +~)g — 2k,[0, 2,,0,0]"

+DT(F1+ a)g + DT(G +7)g + 2k,[0, 7,0, 0]T>

= —k(Ey +E)*qd"q+ (Ex + E,)d" D' (Fy1 + o)q,

where ¢" D" (F1+a)g < 0 because g D" (F1+a)q represents the viscous friction forces;
According to (5.24) and (5.25), (Ej + E,) > 0. Therefore,

V<o,

is proofed by using (5.33) as the inputting torque. Since V < 0 is satisfied, the equilibrium
of (5.27) is proven to be stable. That is, the position of the robot can be converged to

the target position by using the energy-based control strategy.

5.4 Numerical Simulations

Effectiveness of the designed position control system utilizing the approximate model is
verified by numerical simulations which are performed by MaTX with Visual C++ 2005
version 5.3.37 [116]. The parameters used in simulations are the ones shown in Table

5.1 and Table 5.4. The simulation time is 80 seconds, and the sampling interval is 0.01
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Fig. — 5.4 Time evolutions of x-coordinate (top) and y-coordinate (middle) of the
robot’s toes, and the trajectory of the feet (bottom).

second. The initial state of the robot is halted on the plane at position x, = 3 m and the
Jansen link mechanism is with 6, = —m /4 rad. In addition, the gradient of the potential
field k£, = 1 and the tuning parameter £k = 0.3. The coefficient values of kinetic and
viscous frictions are given as g = 0.1 and p, = 0.1. The numerical simulation results are
shown as follows.

From Fig. 5.4 (top), it is confirmed that the robot moves with toes slipping. Fig. 5.4
(bottom) shows that the non-completely-elastic collisions occur at the toes of the robot
(i.e., £;;; = 0) when the toes collide with the ground (i.e., t;; = 0) and height of the
toes is greater than or equal to 0. In addition, in case the toes depart from the ground,
the negative floor reaction forces (i.e., the constraint force of \;; < 0) is not generated
because the position of the toe varies smoothly. Therefore, the dynamic models derived
in Section 5.1 and 5.2 represent the dynamics of the robot shown in Fig. 5.1 in two-

dimensional surface including the contact and collision with the ground. Meanwhile, the
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Fig. — 5.7 Time evolution of x-coordinate of the robot.

rotation angle of the driving gear is increasing to from zero to 90°, and those of the four

driven gears are varying smoothly to —80° ~ —90° approximately (Fig. 5.5).
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Fig. — 5.9 Time evolutions of the values of the Lyapunov’s function V" and its differential
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Fig. — 5.10 Time evolution of the input torque wu.

From Figs. 5.6 and 5.7, it is confirmed that the position of the robot can be converged
to x = 0 by the designed position control system. Meanwhile Fig. 5.8 shows that the
energy of the system converges to 0. In addition, since the value of the Lyapunov function
converges to 0 and its differential is also less than 0 as shown in Fig. 5.9, it is confirmed
that the input torque shown in Fig. 5.10 satisfies the Lyapunov’s stability theory. There-

fore, the position of the quadruped robot with the Jansen linkage mechanism can be
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Fig. — 5.11 The snapshots of walking towards the target position based on the energy-
based position control.

controlled by applying the position control system based on the energy control. Fig. 5.11
shows that a sequence of the snapshots of walking towards the target position based on

the energy-based position control in 80 seconds.

5.5 Conclusion

The chapter presented and analyzed the dynamics of the four-legged robot based on
the Theo Jansen linkage mechanism using projection method. The free-falling model of
the whole system has been built through integrating the models of Jansen linkage and
gear system which are derived respectively. Based on that, the reaction force and friction
are taken into account to derive the plant model. The energy control system utilizing
the potential field is designed to realize the position control of the Jansen walking robot.
Based on the Lyapunov stability theory, the controller is proofed to be able to converge by
choosing appropriate input. Effectiveness of the designed controller was verified through
the numerical simulations. This research sets a theoretical basis for further investigation,

optimization or extension of the Theo Jansen mechanism to develop the legged robot with
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reconfigurable Theo Jansen mechanism.
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6 . Conclusion

This study aims to formulate the concept of nested reconfiguration which possesses
both intra- and inter- reconfiguration, and to develop the robot capable of achieving
wide-ranging tasks in highly uncertain environments through providing the nested recon-
figuration, and has studied following research topics: development of intra-reconfigurable
module robot possessing both the reconfigurable mechanisms and docking system, speed
control of toe of the Jansen linkage mechanism, development of the multi-legged nested
reconfigurable robot, and the position control of the multi-legged robot with the Jansen
linkage mechanisms.

In development of intra-reconfigurable module robot possessing both the reconfigurable
mechanisms, the reconfigurable Jansen linkage mechanism has been proposed as the intra-
reconfigurable module. The forward kinematics of the Jansen linkage mechanism is de-
rived by utilizing Bilateration problem, and six kind of interesting gait patterns involving
Default Curve have been explored. And, the gait transition method of the explored gait
patterns has been proposed. Finally, the reconfigurable Jansen linkage mechanism has
been implemented indeed, and it has been verified the effectiveness of repeatability and
possibility of both the gait patterns and the gait transition method through experiments.

In speed control of toe of the Jansen linkage mechanism, the angle trajectory capable
of the constant speed locomotion of the toe of the Jansen linkage mechanism has been
generated. In order to realize it, the forward kinematics of the Jansen linkage mechanism
which boils down to the problem of the Bilateraton has been analyzed. In fact, it has been
proven that the norm of the toe speed bears a proportionate relationship to the angular
velocity of the driving link. And, the angle trajectory of the driving link capable of the
constant speed control of the toe of the Jansen linkage mechanism has been generated by

utilizing the relationship. It has been verified that the constant speed control of the toe
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of the Jansen linkage mechanism is realized by the generated trajectory via a numerical
simulation.

In development of the multi-legged nested reconfigurable robot, the multi-legged robot
assembling the developed reconfigurable Jansen linkage mechanisms has been developed.
And, synchronization realizing the walking which is most basic locomotion strategy for
the multi-legged robot has been presented. As the gait transition method, two types of
gait transition methods for the explored gait patterns have been presented. Furthermore,
it has been verified that the walking and the gait transitions with stability are realized
by the presented synchronization and gait transition methods via numerical simulations.

In the position control of the multi-legged robot with the Jansen linkage mechanisms,
the dynamical model of the robot has been derived utilizing Projection Method by inte-
grating the model of both the Jansen linkage mechanism and the gear system. The floor
reaction forces and the friction forces have been formulated by expanding the constraint
matrix of Projection Method. The appropriate model for the control system has been
derived, and the position control system based on the energy control has been designed
utilizing the appropriate model. It has been verified that the position of the robot can be
controlled by the designed control system through the numerical simulation.

Through these studies, the concept of nested reconfiguration which possesses both intra-
and inter-reconfiguration has been formulated. And application of nested reconfigurabil-
ity and its design and control strategy have been proposed. In addition, each Chapter

concludes as follows.

6.1 A Reconfigurable Jansen Leg with Multiple Gait
Patterns

An original design approach has been presented in this chapter to achieve adaptive
gait patterns in legged robots for which Theo Jansen linkage forms the core. This one
degree-of-freedom linkage, that is very efficient and widely adopted in walking platforms,
has been modified to produce a wide variety of gait cycles using the reconfiguration
principle of variable allocation of joint positions. We have discussed novel approaches

to address the position analysis problem and to characterize leg transformation in this
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reconfigurable design. Five gait patterns of interest have been identified, analyzed and
discussed in relation to potential future applications. These exemplary gait variations
considerably extend the capabilities of the original design not only to produce novel gait
patterns but also to realize behaviors beyond locomotion. A fully-functional design has
been presented, which enables all single-link transformations, and experimental results
with a working prototype have been reported.

A four-legged robot is currently being assembled with reconfigurable Jansen legs based
on the design herein presented. The objective with this robot is to test different reconfig-
uration scenarios and control strategies for limb specialization and graceful degradation.
Our long-term aim is to develop systematic methods to design reconfigurable robots ca-

pable of transforming in response to needs associated with environment, task, or failures.

6.2 Speed Control of Jansen Linkage Mechanism for
Exquisite Tasks

This chapter has reported the toe speed control to achieve more complex tasks with
the Jansen linkage mechanism. It has been proven that the norm of the toe speed bears
a proportionate relationship to the angular velocity of the driving link. And, the angle
trajectory of the driving link capable of the constant speed control of the toe of the
Jansen linkage mechanism is generated by utilizing the relationship. In addition, it has
been verified that the constant speed control of the toe can be realized by utilizing the
derived angle trajectory through numerical simulation.

The angle trajectory capable of the speed control of the toe in horizontal direction
has been derived as an application of the proposed method. By utilizing the application
method, in the case of the multi-legged robot as an example, since the velocity of the all
supporting legs can be controlled arbitrarily, the walking control considering the stability

of the robot can be realized.
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6.3 An Approach to Gait Synchronization and Tran-
sition for Reconfigurable Walking Platforms

An original design approach has been presented in this chapter towards development
of a trajectory generator that realizes a set of stable walking gaits and gait transition
for a reconfigurable Jansen platform. We have discussed a novel strategy to address the
leg synchronization problem in this reconfigurable design and gait transition. Stability
analysis is presented for prospective six gait patterns generated and all gait transitions
by the reconfigurable platform and results discussed in view of validating the proposed
approach. The ability to adapt to situations and produce appropriate stable gaits and
switch between gaits would extend the capabilities of the robot beyond their intended
application. A four-legged robot is currently being constructed to validate the robustness

of the produced gaits and control approaches for real world deployments.

6.4 Dynamic Modeling and Nonlinear Position Con-
trol of a Quadruped Robot with Theo Jansen
Linkage Mechanisms

The chapter presented and analyzed the dynamics of the four-legged robot based on
the Theo Jansen linkage mechanism using projection method. The free-falling model of
the whole system has been built through integrating the models of Jansen linkage and
gear system which are derived respectively. Based on that, the reaction force and friction
are taken into account to derive the plant model. The energy control system utilizing
the potential field is designed to realize the position control of the Jansen walking robot.
Based on the Lyapunov stability theory, the controller is proofed to be able to converge by
choosing appropriate input. Effectiveness of the designed controller was verified through
the numerical simulations. This research sets a theoretical basis for further investigation,
optimization or extension of the Theo Jansen mechanism to develop the legged robot with

reconfigurable Theo Jansen mechanism.
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