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Abstract

System adaptability is very important to current manufacturing practices due to frequent
changes in the customer needs. Two basic concepts that can be employed to achieve
system adaptability are flexible systems and modular systems. Flexible systems are fixed
integral systems with some adjustable components. Adjustable components have limited
ranges of parameter changes that can be made, thus restricting the adaptability of systems.
Modular systems are composed of a set of pre-existing modules. Usually, the parameters
of modules in modular systems are fixed, and thus increased system adaptability is
realized only by increasing the number of modules. Increasing the number of modules
could result in higher costs, poor positioning accuracy, and low system stiffness in the
context of manufacturing applications. In this thesis, a new idea was formulated: a
combination of the flexible system and modular system concepts. Systems developed
based on this new idea are called adaptive systems. This thesis is focused on adaptive

robot systems.

An adaptive robot system is such that adaptive components or adjustable parameters are
introduced upon the modular architecture of a robot system. This implies that there are
two levels to achieve system adaptability: the level where a set of modules is
appropriately assembled and the level where adjustable components or parameters are

specified. Four main contributions were developed in this thesis study.



First, a General Architecture of Modular Robots (GAMR) was developed. The starting
point was to define the architecture of adaptive robot systems to have as many
configuration variations as possible. A novel application of the Axiomatic Design
Theory (ADT) was applied to GAMR development. It was found that GAMR was the
one with the most coverage, and with a judicious definition of adjustable parameters.
Second, a system called Automatic Kinematic and Dynamic Analysis (AKDA) was
developed. This system was a foundation for synthesis of adaptive robot configurations.
In comparison with the existing approach, the proposed approach has achieved
systemization, generality, flexibility, and completeness. Third, this thesis research has
developed a finding that in modular system design, simultaneous consideration of both
kinematic and dynamic behaviors is a necessary step, owing to a strong coupling
between design variables and system behaviors. Based on this finding, a method for
simultaneous consideration of type synthesis, number synthesis, and dimension synthesis
was developed. Fourth, an adaptive modular Parallel Kinematic Machine (PKM) was
developed to demonstrate the benefits of adaptive robot systems in parallel kinematic
machines, which have found many applications in machine tool industries. In this
architecture, actuators and limbs were modularized, while the platforms were adjustable
in such a way that both the joint positions and orientations on the platforms can be

changed.
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Chapter 1

Introduction

This chapter discusses the motivation and objective of this thesis study. It begins with
the description of a bottleneck problem in manufacturing today, i.e., the need for
frequent changes over a product life cycle. The solution to cope with these changes is the
concept of an adaptive system. A definition of an adaptive system is given. The adaptive
system concept leads to the concept of modular systems, which is the most important
means to realize adaptive systems. This study is focused on modular systems with
adjustable parameters, in particular, on the task-oriented synthesis of such systems. As a
general research strategy, the study investigates modular robot systems as an example,
because robots are dynamic systems and the core of many advanced manufacturing

systems.

1.1 Changes in Manufacturing Environment

Manufacturing supply becomes more and more saturated demand with respect to the
demands of the global market due to the rapid development of science and technology. It
is possible for customers to demand products of higher quality, longer durability,

personalized appearance, shorter delivery, and lower prices. Manufacturing companies
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are pressured to deliver more variations of new products in an ever-increasing pace in
order to be competitive. As a result, the lifetime of product becomes shorter and shorter,
and the structure of a product becomes more and more complex. Considering the car
industry as an example as shown in Figure 1.1 (Prasad 1996). Over the past several years,
the variety and complexity of new cars has grown multi-fold from “very simple” to
“very complex”; while at the same time, the time from conceptual design to market has
shrunk. This evolution also happened in other areas, such as the computer and software
industry. The evolution of manufacturing, in terms of the time to market and product
complexity, was summarized in (NRC 2000); see Figure 1.2. The evolution shown in
Figure 1.2 has implied that a manufacturing company must now be ready to change itself

for uncertain and frequently changing environment.
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Figure 1.1 Evolution of manufacturing in terms of product complexity and time-to

market in the car industry (Prasad 1996)



, .A,

& Tradmonal

g Stability
g Quality as a source of Knowledge as a source of
competitive advantage competitive advantage
o Focus on continuous Focus on re-thinking
improvement the business
o Local competitions Global competitions
o Local market World market
o Transactions Relationship
o Closed systems Open systems
o Business as an individual Integration of business and
entity communities
- Value defined by: price and Value defined by: speed,
\ quality convenience, personalization,
“\ 40 price and quality
T T SR L ST

Figure 1.2 Evolution of manufacturing environment (adopted from NRC 2000)

The complexity of products implies that customers prefer products each with more
functions. As shown in Figure 1.3, the time-to-market, ¢; or f;, influences both the
product profitability and the potential market share as implied by the net area under
these curves. The earlier a product is introduced into the market, the more profit and a
greater market share can be rewarded to a company provided the product quality is the

same for both (Smith and Reinertsen 1998).
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Figure 1.3 Income rate versus the time-to-market of a new product



The following can be concluded from the above discussions:

Quick changes of customers’ requirements are a theme of today’s manufacturing
environment. Most manufacturing companies must provide many product

variations to the market with short delivery times.

One may argue that the ultimate goal of a manufacturing enterprise is to make the
maximum profit when providing products to the customers; therefore, product quality
and manufacturing cost and final price are important factors for a product. This
statement needs to be refined; as the customer now often regards higher quality as part
of the product functions and manufacturing cost is only a fraction of the total cost. With
regard to the product, a manufacturing company can say nothing about the price if it
cannot provide competitive products to markets at a competitive price and meet the need

for frequent changes of customer’s requirements.

1.2 Solutions to Coping with the Changes

There are several solutions for coping with these changes. One of the solutions is to
improve quality of products. This may reduce the customers’ desire for change because
the high quality does correlate with the customer satisfaction. However, the alleviation
of the demand on the changes, with the same high quality products, is not sufficient
nowadays with the quality improvements of all manufactured products that were

achieved in the 1980s; customers now require that products meet their ever-changing



desires. There is also a point where the changes are simply because of the uncertainty
and inconsistency, which might occur due to the pursuit of short product development
lead time through a concurrent and collaborative product development process.
Reduction of the cost does not seem to be directly relevant to accommodating the

changes.

The most straightforward solution to the need for changes is to make a manufacturing
system able to change with customer requirements. This concept is called an adaptive
system. The adaptive system is a system that can change its functions with the change of
tasks. It should be noted that the key concept in the adaptive system is system
adaptability. A more formal definition of system adaptability, adapted from (Bordoloi et

al. 1999), is given as follows.

Definition 1.2 Adaptability. A measure of the system’s ability to adapt to
unanticipated internal or external changes accurately and rapidly in a

manufacturing environment.

It should be further noted that the system adaptability could be achieved by making a
system with a modular architecture and/or by making a system possess adjustable
components/parameters. A further discussion on this issue will be given later in this

thesis.

The example of an internal change is the change of available resources; the example of

an external change is the change of the requirements on products being developed.



Generally, increasing system adaptability increases the total cost of manufacturing
systems because the additional cost incurred to implement adjustments of the dynamic
factors. However, the unit cost depends not only on the total cost, but also on the
quantities of products sold. There are some studies on the relationships among system
adaptability, manufacturing cost, and enterprise profits (Stake 1999). Their views are
summarized in Figure 1.4, which shows the change trends of the unit cost, total cost, and
profit versus the degree of system adaptability. In the case of a high rate of changes
(shown with solid lines), the higher system adaptability, the higher the profit a

manufacturing enterprise may achieve.

Total cost  Adaptability becomes a key
Unit cost actor to obtain profit P Total cost for a

high rate of change

Total cost for a
low rate of change

Profit for a high rate
of change

Total cost for a low
rate of change

Unit cost for a high
rate of change

-

i ® Adaptability

) | T Profit for a low
Negative| _orer— ' e —~__rate of change

Figure 1.4 Adaptability to system cost and profit (Stake 1999)

Two ways to make system more adaptive (Bi and Zhang 2001a) are the concept of
flexible system and the modular system. The flexible system concept is based on
increasing the adjustable components. These components are related to the

manufacturing planning, scheduling, and control processes. The example of the system



developed following the flexible system concept is the flexible assembly system. The
modular system concept requires developing an architecture of a system such that the
system can be modified simply by assembling different modules. The parameters
corresponding to the assembly are called system dynamic parameters. The modular
system concept implies that the system topology can be changed by removing or adding
modules. As such, the space of tasks that may be fulfilled increases nearly indefinitely
(Ulrich 1995). A modular robot system is a typical example, which is developed on the

basis of the modular system concept.

1.3 Adaptive Systems: General Research Issues

There are two general research issues in the development of adaptive systems: (i) system
architecture, and (ii) task-oriented determination of a configuration of the system based

on a particular architecture.

The goal of studying issue (i) is to define primary system components to gain as much
adaptability as possible subject to constraints derived from a particular application where

the adaptive system is supposed to operate. The goal of studying issue (ii) is:

Given a set of candidate modules and adjustable parameters, produce a design
that is composed of a subset of the candidate modules and adjustable
parameters that satisfies both a set of functional requirements and a set of

constraints (Grady and Liang 1998).



This goal clearly sets out a pre-condition. That is, the adaptive architecture of a
particular system is specified, and types of modular components and types of their
interactions are predefined. It is further noted that in this thesis an architecture of an
adaptive system will take the modular architecture as a backbone with added adjustable
parameters. Throughout the thesis, the term adaptive system is interchangeably used
with the term modular system, unless otherwise specified. Hence, general research issue

(i1) may simply be stated as the determination of modular system configurations.

Without loss of generality, while facilitating the development of theory and methodology
for adaptive systems, this thesis uses robots as a vehicle. Robots are now indispensable
and play an ever-increasing role in current manufacturing systems. It should be noted,
however, that the robot systems discussed here, in a broad sense, are not restricted to
conventional ‘serial’ robots, because they can be ‘parallel’ and ‘hybrid’ robots. A

discussion of the definition of robots will be given in Chapter 2.

1.4 Motivation

The motivation of this thesis research is based on the understanding that system
adaptability is one of the most important factors to improve current manufacturing
systems, and a systematic approach to achieve the best adaptability of robotic-based
manufacturing systems is lacking. For example, no answer is available to the general

questions of (i) why are the existing architectures of modular robots are defined as such,



and (ii) how can a task-oriented, optimal modular configuration be determined. It should
be significant to the theory and methodology for manufacturing systems that a thorough

investigation on the adaptive system concept is carried out.

The system adaptability could be achieved by both making certain components
adjustable and designing systems to be of modular architecture. Furthermore, based on a
preliminary analysis of the related work, the author was convinced that not modularity

of a system but system adaptability is the more important ultimate goal.

1.5 Objectives

This thesis embarked a pilot investigation into a theory and methodology for adaptive
systems in the context of manufacturing applications, where robotic systems are taken as
an example throughout the thesis. Both issues discussed in Section 1.3 will be studies in
this thesis, though issue (ii) will be more emphasized. The following research objectives
are stated, where the ultimate goal is to achieve a high adaptability for robotic-based

manufacturing systems.

Objective 1: To develop a General conceptual Architecture of Modular Robot systems
(GAMR) with adjustable parameters. The generality of GAMR will be evaluated from
two aspects (i) coverage of existing architectures of modular robot systems, and (ii)
suitability for manufacturing applications. A conceptual architecture means that, for
example, the selection of materials for modules and fabrication of modules are not the

scope of this thesis.



A GAMR will be developed as a benchmark to evaluate the system adaptability of
current modular robot systems, and GAMR-based task-oriented design methods will be
applied to specific modular robot systems. The system architecture determines the
possible system configurations, because the architecture specifies the primary building
blocks and their connections. In order to make systems more adaptive, the configuration
variations are expected to be as many as possible. However, the architecture of a
modular robotic system must also consider the efficiency of forming a modular assembly,

system stiffness, and the use of off-the-shelf components.

Objective 2: To develop a general and systematic method for computer generation of
kinematic and dynamic models for modular robot systems. Systematization will be
evaluated based on the need for human intervention during the formulation of the
kinematic and dynamic models. The generality is associated with objective 1 in the
sense that the method developed with objective 2 should be applicable to the GAMR

developed with objective 1.

This work is essential because (i) a large number of feasible configurations should be
evaluated in the procedure of configuration design, and (ii) kinematic and dynamic
modeling of modular configurations is different from that of a configuration with a fixed

structure in terms of design parameters and modeling procedure.

Objective 3: To develop a general method for determining a task-oriented optimal
configuration of modular robotic systems. The generality of the method will be

evaluated from two aspects (i) coverage of both topology synthesis and dimension
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synthesis, and (ii) applicability to the GAMR.

There is a strong coupling among modular design variables with respect to design
objectives and constraints. Consequently, any sequential design methods, which have
been used in designing modular robotic configurations, are not adequate now. A new

design method needs to be developed.

Objective 4: To demonstrate the benefits of integrating the modular and flexible system
concept to achieve more system adaptability using the example of modular parallel
kinematic machine (PKM) with an adjustable platform. The special emphasis is placed

on the demonstration of increased system adaptability with adjustable components.

This case is regarded as a modular Parallel Kinematic Machine (PKM) with an
adjustable platform. It should be noted that the PKM systems are now replacing or
enhancing traditional machine tools in manufacturing industries. Therefore, the research

on this objective also has significance to machine tool applications.

[t should be noted that there are many other issues pertinent to adaptive systems, such as
cost and accuracy. The cost of a modular robot system is in general higher than that of a
non-modular robot systems, but the current technology for fabrication of modular
components appears capable of producing cost-bearable modular robot systems. The
reduction of the unit cost for modular robots is delegated to technologies for individual

components, such as sensors and motors, and is not a concern of this thesis study.
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Current modular robot systems cannot achieve as high accuracy as a non-modular robot
system. The main reason for the reduced accuracy is not due to individual modules, e.g.,
sensors and motors, but rather due to the errors produced in assembling modules and in
controlling the relative motion among modules. Reduction of the errors can be achieved
by either (i) increasing the fabrication and assembly quality for each modular component,
or (i) compensating the accumulated modular errors in a new improved control system.
Although these error-reducing methods may be feasible, they are not the scope of

research in this thesis.

1.6 Thesis Organization

The reminder of the thesis is organized as follows:

Chapter 2 provides a critical review of the literature on: modular robot architecture
design, automatic kinematic and dynamic modeling, and task-oriented configuration
design. Problems implied by the shortcomings of the existing literature, with reference

to the objectives of this thesis, will be highlighted.

Chapter 3 presents the development of the general conceptual architecture of modular
robot systems corresponding to objective 1. This new architecture incorporates the
flexible system concept, adjustable parameters in this case, into the modular system
architecture. This new architecture may also be called the architecture of adjustable
modular robot systems. A new representational method for modular robot configurations

based on the GAMR is developed.
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Chapter 4 presents the development of a systematic procedure for automatic kinematic
and dynamic modeling of adjustable modular robot configurations corresponding to
objective 2. This includes a general discussion of the strategy for developing such a
procedure, which leads to a so-called indirect modeling method. Based on this method, a
complete program system for computer generation of the kinematic and dynamic
equations is developed. There is also a discussion of the validation of the developed

program through experiments.

Chapter 5 presents a new method for task-oriented modular robot configuration
synthesis (synthesis for short). It starts with the definition of the scope of the synthesis,
and then elaborates on a proposed method for the synthesis. The synthesis problem is
modeled as an optimization problem. A discussion of the formulation of the optimization
problem for type synthesis, number synthesis, and dimension synthesis is also presented.

Finally, an implementation and a case study are given.

Chapter 6 presents a case study of the parallel kinematic machine (PKM) system to
show the benefits of the adjustable modular robot system for manufacturing applications.
The PKM system is modified into an adjustable modular PKM by following the
proposed GAMR discussed in Chapter 3. A detailed discussion of the realization of

this adjustable modular PKM system is presented.

Chapter 7 presents the conclusions of this work and recommends some new research.
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Chapter 2

Literature Review

This chapter provides a critical review of (i) development of modular robot architecture,
(ii) automatic modeling for modular robots, and (iii) modular robot configuration
synthesis. The purpose of this review is to provide a further justification of the needs and
the scope of research based on the objectives in Chapter 1. These needs and scope are

explicitly elaborated at the end of a discussion of each subject.

2.1 Modular Robot Architecture

2.1.1 The need for modular robot systems

There are various demands on a robot system, such as the speed, accuracy, workspace,
and the loading capacity. Manufacturers of industrial robots are forced to emphasize one
compromise from all possible solutions. However, it is difficult to design a single robot
that is simultaneously strong enough, nimble enough, and accurate enough to meet all
the task requirements for an application (Chen and Burdick 1998). This difficulty can be
observed easily by comparing the features of serial and parallel robots, or even two
serial robots with the same Degree of Freedoms (DOFs). As an example, a Selective
Compliance Assembly Robot Arm (SCARA) robot has a very fast cycle time, excellent

repeatability, but its reachable range in the vertical direction is very limited, so it is only
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suitable for a planar assembly task. An articulated robot has a large workspace with
similar reachable ranges in all directions, and a good dexterity in avoiding spatial
obstacles, but its accuracy is relatively poor; besides, it has complex kinematics and

dynamics to make high-performance control difficult.

There are many definitions on modular robot systems (Tesar and Butler 1989, Benhabibi
and Dai 1991, Paredis et al. 1996, Pritschow and Wurst 1996, Pamecha et al. 1997).
Generally, a modular robot system consists of a stock of interchangeable modules
(typically, link and joint modules) with various sizes and performance specifications.
The combination of re-configurable modular hardware with modular software tools
allows the user to rapidly create a most suitable robot structure, which 1is

customer-tailored for a given task.

The concept of modular robot system provides a promising method for enhancing the

adaptability of the present robots without incurring higher costs, while at the same time

opening new market segments. Some merits of modular robot systems are listed as

follows:

(1) Flexibility: the customer-tailored configuration requirements can be met through
the optimal reconfiguration of the modules.

(i) Low-cost: the standardization of the modules allows them to be manufactured
with low unit costs.

(iii)  Interconnectability: modules are interchangeable and replaceable with each other.

(iv)  Reliability: redundancy that may be brought in with modular architecture is

conducive to dealing with system malfunctions.
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2.1.2 Existing modular robot systems

The existing research efforts in modular robot systems include system hardware design,
kinematics and dynamics, control, calibration, and modular robot configuration
synthesis. This section is a literature survey on the development of robot modular

components and modular robot systems.

Waurst (1986) began his studies in this area in the early 80’s. As a robot construction
could be divided into joint components and joint connections, he focused on the
development of encapsulated modules. His survey showed that more than 80% of
commercial industrial robots were assembled based on 8 different kinematic types with
4 or 6 DOFs, and these robots can be constructed using a set of drive and joint
connection modules. As shown in Figure 2.1, he developed joint modules including
rotary modules with parallel axes, rotary modules with vertical axes, linear modules and
three other modules that combine the basic modules. His recent interest is the design of
parallel modular robots (Wurst 1999). Figure 2.2 shows the joint modules used in his

parallel robots.
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Figure 2.2 The joint modules for parallel robots (Wurst 1999)

Reconfigurable Modular Manipulator System (RMMS) was developed at Carnegie
Mellon University (Paredis and Khosla 1993a). This system has the joint and link
modules, see Figure 2.3a and b, and a quick-coupling mechanism designed for module
connection, see Figure 2.3c and d. Each joint module is actuated by a DC motor in

conjunction with a harmonic-drive mechanism. An example is shown in Figure 2.3e.
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(c) Female (d) Male
connection connection (e) Configuration example

Figure 2.3 Reconfigurable modular manipulator system (Paredis and Khosla 1993)

A MODular RObotic system (MODRO) was developed by the Institute of Robotics,
Swiss Federal Institute of Technology (Nielsen and Huppi 1992). This system was
constructed based on the building block principle. As shown in Figure 2.4, all MODRO
joint modules were built with the mounts for standard profiles. Brushless DC or stepper
motors were used to supply power. The linear modules were also built into the standard
profiles and driven by the tooth belts or by the ball bearing screws, depending on the

required speed and payload.
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(a) Linear joint modules (b) Rotary joint modules

Figure 2.4 Joint modules in MODRO system

Chen and Burdick (1998) presented a conceptual modular robot system. Some of the
unique features of their system are (i) types of joint modules include not only rotary
joints (R) and linear joints (L), but also helical joints (H) and cylindrical joints (C), as
shown in Figure 2.5a, and (ii) the link modules can have more than two assembly ports.
which are symmetrically arranged. Figure 2.5b shows two types of joint modules: a
cubic link with 6 assembly ports and a prism link with 10 assembly ports. Figure 2.6
shows a modular parallel robot that was built by extending the AMTEC system (Jaenisch

et al. 2000).




AR Y

Joint (R) Joint (L) Joint (C) Joint (H)

(a) 4 types of join modules

(b) Cube and prism link modules

Figure 2.5 A conceptual modular robot system (Chen and Burdick 1998)

(b) Passive joints (c) Link modules (d) Example of a parallel conﬁguration

Figure 2.6 A parallel system based on the ATMEC modules (Chen 2001)
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The Modular Robotic System (MRS), which was developed at the University of Toronto,
has a specific link with 45-degree connection surface to allow for both the straight and
perpendicular connections (Behabib and Dai 1991, Benhabib et al. 1992). MRS is now
commercially available, and it contains 1-DOF joints and joints with multi-DOFs, such
as roll-pitch-roll module, linear-poll module, and roll-pitch module. Figure 2.7 shows a

1-DOF rotary joint module, and a 3-DOF roll-pitch-roll joint module.

(a) 1-DOF rotary module (b) Roll-pitch-roll module

Figure 2.7 MRS joint modules (Behabib and Dai 1991)

Figure 2.8 shows the Modular Tele-Robot System (TELBOT) that was developed by
Walischmiller and Frager (1994). The distinctive point of TELBOT is that driving
modules are all arranged on the base. The transmission of both the motion and force
from driver to any link, including the gripper, is through a structure shown in Figure 2.8
b. The system has concentric sleeve shafts and 1:1 bevel wheels along the kinematic

chain to implement the motion and force transfer.
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Figure 2.8 TELBOT system

Ji and Song (1998) developed a re-configurable platform manipulator system, as shown
in Figure 2.9. This system contains a base module, an end-effector module, and limb
modules. Both the base and end-effector modules have many assembly locations to
connect the limbs as required. The limb module has three joints: (i) an actuated linear
joint, (ii) a spherical joint, connected to the base module, and (iii) a hook joint,

connected to the end-effector module.
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(a) End-effector module

(b) Base module

(c) Limb module (d) 6-DOF parallel configuration

Figure 2.9 Re-configurable platform manipulator system

2.1.3 Concluding remarks

The architecture is the backbone of modular robot systems, as it inherently determines
the modular robot configuration. The survey above has shown that there are variations of
modular robot architectures proposed, often without any rational comparison and
evaluation. The existing proposals of modular robot architecture were developed in an
ad-hoc mode, as they were focused on the technical issues, such as integration of a
sensor and a driver within a module and the design of modular connection. The lack of a
rational evaluation approach to modular robot architecture occurs mainly because there
is no objective criterion except for the general motivation that modular robot systems

will provide another dimension to enhance manufacturing system adaptability.
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The modular robot architecture based on the one-unit module concept (Nolfi and
Floreano 2000, Bererton and Khosla 2001) is useful to the environment where a modular
robot requires frequent self-reconfiguration operations. This architecture is generally
unsuitable for manufacturing applications for the following reasons: (i) high loads are
usually involved in machining manufacturing where each unit module can only sustain a
small force and the connections between two unit modules are too slender to support
large force transfers, (ii) each unit module is an independent mechatronic system,
including the mechanical transmission, driver, sensor, and communication; a simple
configuration, such as a bar with a certain length, needs many units, which incurs high
costs, (iii) real-time controls require intensive calculations, as complex kinematics and
dynamics are involved, (iv) it is difficult to achieve high accuracy, as there are many
connections among the module units, and (v) it is impractical for an industrial

environment to assemble such a robot configuration autonomously.

Another aspect missing in existing modular robot architecture is the lack of a
methodology or a rational procedure that could be used to derive system architecture or
the attributes of system architecture from the requirements of reconfigurable systems. At
this point, it may be possible to apply those well-developed system design theories, such
as Axiomatic Design Theory (Suh 1990), to the design of a modular robot architecture. It
is further remarked that the focus of this thesis on the issue of modular robot architecture

lies in the conceptual architecture (see also the previous discussion of objective 1).
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2.2 Kinematic and Dynamic Modeling

Kinematic and dynamic modeling concerns the relationships among the robot kinematic
and dynamic behavior and robotic structural parameters and joint variables. A kinematic
model is a representation of the motion of robot manipulators without consideration of
forces and the masses or moments of inertia, and a dynamic model is a representation of
the relationship among the driving force or torque on the joint actuator, the external
work load, and the mass and inertia. The dynamic model includes the kinematic model
constraints. Both models are essential to design, simulation, and real-time control of
robot manipulators (Goldenberg and Emami 1999). The kinematic model is a basis for
the dynamic model. There are two tasks involved in kinematic and dynamic modeling:

formulation of the governing equations and solutions techniques for these equations.

2.2.1 Kinematic and dynamic model formulation methods

The first step to represent the kinematic and dynamic model is to represent a
manipulator system as an entity that can be mathematically manipulated. There are three

ways of achieving this step.

A Lie group has a 3x3 rotation matrix and a 3x1 translation matrix for transferring the
information from one component to other components, and this transformation is also
called the point coordinate transformation. Brockett (1984) applied the theory of Lie
groups to robot kinematics by introducing the product-of-exponential (POE) equations.

The POE provides a uniform representation of different types of joint motions (Yang
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1999).

Denavite and Hartenberg (1955) proposed a method, called the D-H method for short. In
the D-H method, a 4x4 homogeneous matrix was defined to describe the transfer of
information from one component to others. The advantage of the D-H method is that a
minimum number of parameters is obtained to describe the transformation, and thus the
method will be computationally efficient (Asada and Slotine 1985). The D-H method
has been widely used for different applications (Paul 1981, Halperin 1986, Benhabib et

al. 1989, Kelmar and Khosla 1990, Corke 1996).

A method with a 6x6 transformation matrix was proposed by Bottema and Roth (1979)
and Duffy (1980). The method was built upon the screw theory and differential

geometry.

There are two basic methods to derive the dynamic model: the recursive Newton-Euler
algorithm and Lagrange’s equations. In the recursive Newton-Euler approach, Newton’s
second law and Euler’s equations are applied to each link, sequentially. The solution
procedure consists of two recursions: (i) a forward recursion in which the velocities and
accelerations of each link are propagated from the base to the end-effector, and (ii) in a
backward recursion in which the forces and moments are propagated from the
end-effector to the base. In the Lagrangian approach, the main task is to compute the
Lagrangian, L=7-V (here T is the kinetic energy of the system and V is the potential

energy of the system).
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Automatic modeling refers to the computer-aided generation of kinematic and dynamic
equations given a computer representation of the structure of a robot. Generally speaking,
it is much easier to develop an automatic dynamic modeling system after the kinematic
model is known than it is to develop an automatic kinematic modeling system in the first

place.

2.2.2 Solution techniques

Three methods are used to solve the kinematic and dynamic equations: symbolic,

numerical, and symbolic-numerical.

The benefits of symbolic solution include: (i) symbolic solution can be complied, (ii) it
can identify the solution types existed in different manifolds, (iii) the solution could be
executed repeatedly with different joint variables, (iv) many intermediate results can be
reused, and (V) it can run significantly faster than the iterative solution techniques.
However, symbolic solutions do not always exist. Even if symbolic solutions exist, the

solution may be worked out manually.

A numerical solution generally pertains to the determination of design variables as the
result of an iterative procedure. The most commonly used iterative methods are
variations of either the Newton-Raphson, steepest descent, or conjugate gradient
methods. Another iterative method known as the continuation method, it does not
require a priori knowledge of an approximate solution, and it can find all possible

solutions. However, the continuation method gives little or no information about how the
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design parameters influence the solutions (Wampler et al. 1990). The most compelling
advantage of iterative techniques is that any problem that can be represented as a finite

set of equations can, in theory, be solved.

In a symbolic-numerical method, a part that is not possibly solved symbolically is solved
numerically. The symbolic-numerical method has not be developed as universal as the
numerical method, because the procedure of eliminating intermediate symbolic

parameters depends largely on the configurations of robot manipulators.

2.2.3 Modeling of modular robot configuration

Most studies were conducted on robot configurations with the fixed geometry. However,
task-oriented modular configuration design requires evaluating a large number of
feasible configurations. Therefore the requirement on computer-aided generation of

kinematic and dynamic equations is more demanding.

The complexity of developing a system for the computer-aided generation of kinematic
and dynamic equations depends on the generality of modular robot architecture. Chen
and Yang (1998) considered a relatively general modular robot architecture, and they
addressed the issue of the automatic kinematic and dynamic modeling for modular robot
configurations based on their architecture using the POE method. Their approach falls
into a so-called ‘direct modeling’. By the direct modeling, it is meant that the kinematic
and dynamic equations are generated directly from a suitable description of

configurations. As such, their approach may not be applicable to other modular robot
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architectures.

The other strategy is called the ‘indirect modeling’, which consists of two steps. The
first step is to convert a description of the configuration of a particular type of modular
robot architecture into the Denvit-Hartenberg (D-H) notation. The second step is to
derive the kinematic and dynamic equations from the description based on the D-H
notation. Halperin (1986) applied the indirect modeling method in developing a robot
CAD system. Some other related studies can be found (Schmitz et al. 1989, Benhabib et
al. 1989, Kelmar and Khosla 1990, Mulders et al. 1993). Benhabib et al. (1989) and
Kelmar and Khosla (1990) addressed the issue of how to generate the kinematic D-H
parameters from their description of modular robot configuration; however, the modular
robot architecture they considered is relatively specialized and simple, which restricts
the use of their approach to similar cases. It is to be noted that no study has been found
on the derivation of the dynamic parameters from the description of modular robot

configuration using the indirect modeling method.

2.2.4 Further discussion and concluding remarks

The discussion above has overviewed the study on kinematic and dynamic modeling for
both modular robots and non-modular robots. It may be helpful to have a comparative
overview of different studies on kinematic and dynamic modeling for modular robots
that are the focus of this thesis. There are three aspects in which a comparison can be

made, and they are: (i) the modular architecture, (ii) the completeness of design
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variables, and (iii) the coverage of analysis contents.

From the previous discussion in Section 2.1, it can be concluded that the features of the
architecture can be viewed from the following attributes: (i) multiple module ports, (ii)
module adjustable variables, and (iii) module types (more details are given in Chapter 3).
The levels of design variables are: (i) type level, (ii) number level, and (iii) dimension
level (more details are given in Chapter 5). The coverage of analysis means: (i) the
availability of automatic kinematic modeling (kinematics for short), (ii) the availability
of automatic dynamic modeling (dynamics for short), and (iii) the change of design
variables with pre-storing of the kinematic and dynamic equations (simulation for short).
Table 2.1 gives such an overview of the existing studies in terms of the three aspects.
From this table, one can conclude that (i) none of these works has considered all the
features of the modular architectures of robots, (ii) none of these works has considered
the variables describing the types of configurations of a robot, and (iii) most of the

studies are on kinematics only.
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Table 2.1 Comparative overview of the existing studies
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Platform types X X
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design Number X
variables Dimension x x X X
Coverage Kinematics x x
Dynamics X
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2.3 Modular Robot Configuration Synthesis

Note: x means availability

Modular robot configuration synthesis is a type of design activity in which a modular

robot configuration is synthesized for a specified task from a set of pre-existed modules

that can be combined only in certain ways.

Many methods have been developed for configuration synthesis of modular system, such

as feature-based methods (Perremans 1996), modular-based methods (Tsai and Wang

1999), entity-based methods (Hong and Hong 1998), and case-based methods (Watson

1999). These methods are widely used in computer systems, modular fixtures, electronic
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systems, and construction systems. The hidden assumption in these methods is that the
modular system obeys the independence principle of Axiom Design Theory (Suh 1990,
1998); that is to say, each physical module satisfies only one functional requirement.
The validity of this assumption lies in the definition of modular system architecture, i.e.,
the architecture that allows a meaningful uncoupling of modular parameters, see Figure
2.10a. In Figure 2.10a, MB1 (MB2) depends on Pyy, Pj2 (P21, P22, P23), and SB further
depends on MB1, MB2. A close examination of modular robot architecture shows that
the modular robot architecture exhibits a strong coupling of modular parameters, see
Figure 2.10b. In Figure 2.10b, it can be seen that there is no layer of modular behavior,
as exhibited in Figure 2.10a, and consequently system behavior (e.g., kinematic
behavior) directly depend on modular parameters and their couplings. Therefore, the
existing design methodologies for modular systems other than modular robot systems

are not applicable to modular robot configuration synthesis.

I:I : Module
i 2 . Aggregation

<+—» : Coupling

B B
r Plh Pll J ‘ PII! PZZ’ PZ} ‘ | PH’ P!i’ ’ PZl’ PZZ’ P23 ‘
(a) Uncoupling case (b) Coupling

P: parameter, MB: Modular Behavior, SB: System Behavior

Figure 2.10 Two types of modular system architecture from a viewpoint of parameters

coupling/uncoupling

Paredis (1996) classified modular robot configuration synthesis as an ‘innovative’

design problem, as the design space is pre-known, yet there is insufficient design
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knowledge available. Two issues should be addressed to conduct modular robot
configuration synthesis: (i) a design problem model, including the definition of design
variables, design constraints, design objectives, and combination of these into a
mathematical problem, and (ii) the strategy and method for solving the design problem

model.

2.3.1 Design variables

Design variables are defined from a given modular robot architecture. For example, if a
given modular robot architecture provides adjustable parameters within a module, there
is a need to define design variables to represent adjustable parameters. Another example
is that if a designer wants to know whether a serial or a hybrid robot is better, in a design
problem model, the model needs to include the variables to represent different
structures. At this point, design variables in non-modular robot design are continuous
and often divided to kinematic, dynamic, and control variables. The design procedure is
organized in a sequential way, and each phase has its design sub-objectives and

constraints, correspondingly (Nnaji 1986).

In modular robot configuration design, most studies were restricted to some dedicated
modular prototype systems. Paredis and Khosla (1991) used the D-H parameters for
configuration design of their reconfigurable modular manipulator system. It should be
noted that the D-H parameters are not the same as the modular parameters, so their
approach is not applicable to the design requirement where a set of modules needs to be

determined. Chocron and Bidaud (1997) decomposed a robot configuration into several
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segments (each with a motion axis), and treated joint orientation, joint type and link
length as the design variables for each segment. The variables were defined at the
module-level. His approach was only conceptually described, and the justification with
implementation remains to be seen. Han et al. (1997) considered a design with fixed
topology of modular robot configuration and with only the length of link module as the
design variables. Chen and Burdick (1995) developed a very comprehensive model for
modular robot configuration based on the definition of architecture. The design variables
in their model include: (i) type of joints, (ii) type of links, and (iii) the assembly patterns
of links. In their extended work, both the number of the link module and joint module
were also defined as design variables. They did not consider any continuous variables,
such as the length of link modules, and the global position and orientation of a module
robot, due to the particular architecture of modular robot used (Yang 1999). Leger
(1999) presented the Parametric Module Configuration Graph (PMCG) to represent a
robot structure. PMCG was argued to be applicable to both modular and non-modular
configuration designs. It is, however, noted that PMGC does not separate system
architecture from system configuration, and consequently different types of
configurations are not represented by any design variables. In fact, there is no type
synthesis involved. The nature of the work by Leger (1999) is to vary the dimensions of

a robot given a type of robot configuration, i.e., in other words, dimension synthesis.

2.3.2 Design constraints

Design constraints are determined by two factors, namely, the domains for design

variables and the task specification. In non-modular robot configuration design, the
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domain of a design variable is assumed by designers, while in modular robot
configuration design, the domain of a design variable, e.g., the type of link, etc., is
determined by a modular robot architecture concerned. The task specification sets out
the design requirements for a specific-purpose robot or a modular robot configuration.
Design requirements include design constraints, such as the geometry of workspace,
joint torque capabilities, obstacle avoidance, and operation time. Many studies on
task-oriented robot design used a simplified task specification; i.e., a task is often
defined as a sequence of points to be reached by the end-effector — without the
prescription of time and behavior in-between points (Paredis and Khosla 1993b, Chen
1994, Han et al. 1997, and Yang 1999). Without prescription of time information, it is
impossible to consider dynamic task requirements (Paredis 1996). Bi and Zhang (2001b)
considered the dynamic task requirements by specifying desired velocities and
accelerations at each of the given task points, but the time between any two points was
not prescribed. Paredis (1996) tackled ‘fault tolerance’ as a kind of task specification, in

addition to kinematic and dynamic constraints as previously discussed.

2.3.3 Design objectives

For a general-purpose robot design, some overall performance measures, such as
workspace and manipulability, were considered as design objectives (Angeles 1997, Bi
et al. 1997). Freudenstein and Primrose (1984) designed a 3-DOF robot with the
objective of obtaining the maximum workspace using some dedicated equations for

calculating the workspace. The manipulability was used as a measure of the ability of
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the end-effector to move in arbitrary directions by Yoshikawa (1985), and widely

adopted as an objective in robot design.

When the task specification is known a priori, it is not important whether an arbitrary
change in the end-effector position or orientation can be achieved except that the change
in position/orientation required by the task. Therefore, manipulability and other dexterity
measures are not very meaningful in case of task-oriented design of modular robot

configurations.

Because the number of modules is directly related to the cost of a robot configuration,
Yang and Chen (2000) introduced the concept of minimized degree-of-freedom and a
weighted sum of the numbers of different types of modules was chosen as a design

objective. Paredis (1996) used energy consumption as a design objective.

2.3.4 Formulation of a design problem model

Non-modular robot system design may involve a large number of design variables. For
example, a serial manipulator with 6-DOF has 18 geometric variables, 60 mass variables,
42 rigidity variables and over 12 end-effector variables (Nnaji 1986). A general-purpose
robot design problem has to be sequentially decomposed into kinematic, dynamic, and
control problems (Nnaji 1986). However in some simple cases of specific-purpose robot
designs, it is desirable to consider the kinematic and dynamic synthesis, as well as the
optimal actuation and stress analysis in an integrated design process. Shakeri (1998)

developed a knowledge-based method for such an integrated process to facilitate
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designers from different disciplines in cooperating each other efficiently. Sims (1994)
used an integrated method in design of mobile robots, which consist of block and
rotational joints. For high-performance machines, Park and Asada (1994) used a
concurrent design method in design of the mechanical structure and control of a two-link
high-speed robot to achieve minimum settling time. Rasteger et al. (1999) proposed to
simultaneously consider kinematic, dynamic, and control issues for design of 2-DOF
robot based on the trajectory pattern method; the design objective was to minimize the
higher harmonic portions of the actuating torques that are required to perform a class of

motion patterns.

Previous efforts on modular robot configuration synthesis also followed the sequential
design procedure; moreover, most of them considered the kinematic design only. Paredis
and Khosla (1993b) described a general flow-chart of a selection program for modular
robots, which covered three phases: kinematics, dynamics and sensor-based control.
Furthermore, in their scheme, the kinematic design played a dominant role in the sense that
the other two phases contribute to the modification of the result derived from the kinematic
design. Fryer et al. (1997) proposed that object-oriented concepts could provide a useful
tool for verifying the configuration of modular robot systems. They modelled robot
resources and considered how the models could be adapted through the introduction of
semantic annotations to accommodate the configuration process. Chen and Burdick (1995),
Yang (1999) presented an approach for synthesis of task-oriented modular robot
configuration with the minimum number of DOFs, which was essentially a sequential

approach.
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Paredis (1996) was the first to realize the importance of concurrent design in ‘fault
tolerance’ modular robot design. He observed that if the sub-problems, such as
kinematic design, dynamic design, trajectory planning, and control are tackled
individually and sequentially, an optimal solution at one stage might not be optimal
anymore at next stages. The globally optimal solution or even a feasible solution might
never be found because of its possible sub-optimality at an intermediate stage. The
limitations of his work include (i) a systematic analysis was not provided for the
concurrent method, (ii) the design only considered a special task, to achieve ‘fault
tolerance’ by increasing the number of joint modules and changing the assembly
patterns, (iii) design variables were tackled simultaneously, which may lead to a large
global design space and computationally expensive search of design solution. Leger
(1999) also considered the kinematic and dynamic constraints, simultaneously in an
automated synthesis approach to robot configuration design. In his approach, the
kinematic and dynamic equations were pre-stored for a set of limited types of robots.
The user selected a type of robots from the set, and the program (Leger 1999) calculated
the optimal dimensions for the selected robot type. This method is not appropriate in
modular robot configurations, as a large number of configuration candidates should be

evaluated, and the storage of the equations for all these configurations is impractical.

2.3.5 Design synthesis

The studies developed for complex systems, such as automobile and airplanes (Altus et
al. 1996, Campbell et al. 1999) could be extended and used in modular robot

configuration synthesis. Evolutionary algorithms or Genetic Algorithms (GA) were
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widely used in the automatic synthesizing of modular configurations (Chen 1994, Han et
al. 1997, Leger 1999, Camphbell et al. 1999, Bi and Zhang 2001b). There are two
reasons that GA are efficient. First, the problem with mixed discrete/continuous
variables can be easily handled. Second, it is theoretically and empirically proven that
GA can provide the robust search in complex spaces to find nearly global optimal
solutions (Ramachandran and Chen 2000). The stimulated annealing algorithm is

another option for solving this kind of optimization problem.

The concurrent design approach will increase the problem dimension, and thus the
computation is highly demanding. There were two approaches for coping with this
problem: parallel computation and solution based on space reduction. In parallel
computation technique aspect, Sims (1994) implemented a modified genetic algorithm to
run in parallel based on a master/slave model. Paredis (1996) took a multi-agent
paradigm to modify the genetic algorithm. The resulting algorithm can be executed in a
distributed fashion on shared memory multi-processors. Ramachandran and Chen (2000)
integrated an agent-based method with stimulated annealing for modular configuration
design. The principle of the space reduction technique is to reject poor candidate
solutions as early as possible. Chen (1994) introduced structural evaluation besides task
evaluation, that is, prior to evaluating how well a candidate manipulator design can fulfil
the given task, evaluate the manipulator structure itself to exclude those structures with
degenerated structures (e.g., structures with coincident rotation axes). Paredis (1996)
separated the verification of design constraints into several phases: Cartesian paths, joint
capabilities, and fault tolerant trajectories. The violation of solutions to the design

constraints- at a previous phase could be detected and thus removed from any further
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computation.

2.3.6 Concluding remarks

Relative to design modelling, the prior work has not provided a general model due to the
limitation of the modular robot architecture employed. In most cases, a design model
was only for dimension synthesis. The heterogeneous nature of modular robot
configuration design, i.e., a mixture of type synthesis, number synthesis, and dimension

synthesis, is yet to be addressed.

With regard to the formulation of a design model, the concurrent design approach was
proposed, but the needs of this approach to modular robot configuration synthesis have
yet to be elaborated. When a concurrent design problem model is formulated, the
dimension of a design problem is likely very large, which calls for techniques to reduce

the computational overhead.
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Chapter 3

Modular Robot Architecture, Configuration and its
Representation

The system architecture determines the system configuration variations, as the
architecture specifies primary building blocks and the types of ways they are connected.
In order to make systems more adaptive, configuration variations are expected to be as
many as possible subject to the constraints of manufacturing applications (e.g.
machining). Moreover, the architecture of a modular robot system should also consider
manufacturing environments, in particular, such issues as the facilitation of assembling
modules, the system stiffness, and the cost of a modular system. The goal of this chapter
is to present a new architecture for modular robot systems with a balanced consideration
of many configuration variations and their suitability of each for manufacturing
applications. The cost of modular components is not a concern of this thesis, nor is the

performance.

In Section 3.1, a review of the structures of industrial robots is presented to show what
variations of robot configurations actually exist in the manufacturing industry. Section
3.2 proposes a functional requirement model for deriving the architecture of modular
robot systems aimed at manufacturing applications. In Sections 3.3, a new architecture
of modular robot systems is presented by applying Axiomatic Design Theory (ADT). In

Section 3.4, a justification of the new modular architecture is provided. In Section 3.5,
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the modular robot configuration and its representation are discussed, and a new

representation method is presented. Section 3.6 provides a summary.

3.1 Robot Variations in Manufacturing Environment

The boundary between robots and other mechatronic systems appears to be disappearing.
Many single-purpose machines, called hard automation, have features that resemble
robots. Therefore, the definition of robots, which is used throughout this thesis, is given

in the following:

Definition 3.1 (Robot): A robot is an automatically controllable, re-programmable,
multipurpose, and manipulative machine with axes, which may be either fixed or

mobile.

A robot is driven by electric-drive actuators, pneumatic devices, or hydraulic actuators.
Actuators are applied to joints. A joint with an actuator is called active joint; otherwise,
it is a passive joint. There are two motion types of joints: rotary (R) and linear (L). From
the viewpoint of topology, robots are classified as serial robots, parallel robots and

hybrid robots. Their definitions are as follows:

Definition 3.2 (Serial Robot): A serial robot is composed of a single open-loop

kinematic chain connected from a base to an end-effector.
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Definition 3.3 (Parallel Robot): A parallel robot is composed of two or more
closed-loop kinematic chains in which the end-effector (mobile platform) is connected to
the base platform by at least two independent kinematic chains. Between the base and
end-effector platforms are serial chains (called /imbs), which are symmetrically

arranged.

Note that a base platform is a link fixed to the ground and connected to the limbs, and an

end-effector platform is a link connected to limbs and the end-effector.

Definition 3.3 (Hybrid Robot): A hybrid robot is a combination of open-loop and

closed-loop kinematic chains (Tonshoff and Grendel 1999).

It should be noted that a serial kinematic chain is the basic sub-system in all types of
robots. Theoretically, numerous types of serial kinematic chains could be formed by
selecting a R or L actuator for each joint, by assembling two joints with a link body in a
perpendicular or parallel mode, and by specifying dimensions of linkages between two
joints. Taking a 6-DOF serial robot structure as an example, there are 26=64 possible
combinations of joints types with either the R or L type and 4°=1024 possible
combinations of assemblies (perpendicular/parallel and intersection/non-intersection), an
infinite number of variations of dimensions of the linkages among the joint axes, and -

several types of bases and the end-effectors.
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3.1.1 Serial robots

In general, a serial robot has an actuator at each joint axis. Whilst having good operating
characteristics, such as large workspace, high flexibility and manipulability, typical
serial robots have the disadvantages of low precision, low stiffness, and low capacity.
Additionally, they are generally operated at low speeds to avoid excessive vibration and

deflection.

Although there are thousands of serial kinematic chains, the number of commercially
available serial robots, which are designed optimally for specific industrial environments,
is very limited. Figure 3.1 shows five of the most commonly used types of serial robots.
The first column shows the positional structure which makes the robot move to any
required position within the workspace. The second column is a diagram of their
corresponding kinematic chains. The third column demonstrates the shapes of their
workspaces. The remaining columns show the options of wrist structures to make an
end-effector oriented to a specified direction. In summary, the following is a list of types

of components in the industrial robots, shown in Figure 3.1.

(1) active joints with 1-DOF: R and L,
(ii) composite joints with 2-DOF or 3-DOF: RR, RRR,
(iti)  end-effectors: various types of grippers, and

(iv)  linkages with different lengths and orientations.
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Figure 3.1 Five most common types of industrial robots (Warnecke et al. 1999)

3.1.2 Parallel robots

Parallel robots have many advantages, such as high precision, high loading capacity,

high rigidity, and high speed, but they also have some disadvantages, such as small

workspace, more singular configurations than serial robots, and complex kinematic and

dynamic characteristics that make their control difficult. A comparison of parallel robots

with serial robots is given in Table 3.1.
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Table 3.1 Comparison of parallel robots with serial robots (Uchiyama 1994)

Item to compare

Parallel robots

Serial robots

Workspace
Forward kinematics
Inverse Kinematics
Forward statics
Inverse statics
Position error
Force error
Maximum force

Rigidity
Dynamics
Inertia

Small

Difficult

Easy

Easy

Difficult

Averages
Accumulates
Summation of all actuator
forces :
High

Complex

Small

Large

Easy

Difficult
Difficult

Easy
Accumulates
Averages
Limited by minimum
Actuator force
Low

Simple

Large

According to the definition of parallel robots, variations of parallel robots must be

viewed from three aspects: the structure of limbs, the assembly of limbs, and how limbs

connect the base and end-effector platforms.

The structure of limbs

A limb is also called a positional element in a parallel robot. The structure of a limb is

the same as the structure of a serial kinematic chain, and therefore the variations of the

structure are the same as those of a serial robot. Parallel robots differ from serial robots

in that passive joints may be included in the parallel robots because the closed-loop

chains in parallel robots introduce some kinematic constraints, and make a part of DOFs

dependent on others.
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The assembly of limbs

The number of limbs required for a definite motion of the end-effector depends on the
number of active joints in a limb. Figure 3.2 shows the relationship between the DOFs of

the end-effector and the active joints in a limb.

Number of DOFs for parallel robots
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Figure 3.2 Variations of parallel robots by assembly of limbs (Pritschow 1999)

The connection the end-effector with base platforms

Take a 6-DOF parallel robot as an example, where limbs are of the binary type, it has six
limbs. Regarding the connection between the end-effector and the base platform, two
limbs may share their connection parts at the base platform and/or the end-effector. A
total of 17 variations of parallel robots could be produced by selecting locations of limbs
with which to connect the end-effector and the base platform, see Figure 3.3 (Castelli

1999).
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Figure 3.3 Variations of parallel robots by connections between limbs and platforms

Most parallel robots are designed for applications in the machine tool industry. The
Delta robot (Bonev 2000) is one of the most successful applications of parallel robots in
machining; see Figure 3.4. The Delta system is designed to have the following
characteristics: (i) the limbs are constructed as a parallelogram; (ii) the actuators are

mounted on the base platform to make the end-effector achieve high acceleration.
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Figure 3.4 Example of parallel robots: Delta robot

It can be concluded that the following basic components, in addition to those for a serial

robot, are needed for a parallel robot.
(1) Passive joints with 1, 2, or 3 DOFs, such as R, L, RR, RL, LR, RRR, and

(i1) Base platform and end-effector platform with different dimensions.

3.1.3 Hybrid robots

Hybrid robots are a compromise between serial and parallel robots as shown in Table

3.1

Tonshoff and Grendel (1999) compared the applications of parallel robots and hybrid
robots in three fields: machine tools, material handling and assembly machines, and

devices. Figure 3.5 shows the industrial acceptance of the trade-off between the serial
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and parallel robots. It is interesting to note that hybrid robots are mostly used for the

material handling applications that do not require high loading capacity or high speeds.

A %
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20 L 17.5% ’{
All Machine tools Material Devices
handling or
assembly

Market sharing of . Market sharing of
parallel robots hybrid robots

Figure 3.5 Comparison of parallel and hybrid robots (Tonshoff and Grendel 1999)

Consider the Tricipt hybrid robot (Figure 3.6), in which the parallel structure consists of
3 limbs functions as positioning. The serial structure consists of 3 rotary joints; it is built
upon a parallel structure that makes orientational movement. It is designed for precision
assembly and heavy material handling, and has proven to be outstanding for light
milling and drilling applications. Its wrist has high dexterity; the ratio of the working
space over the machine size could be 1/3 greater than parallel mechanisms, and its

stiffness is in the range of 6-30 N/pm.
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Figure 3.6 Example of hybrid robots (NEOS 2001)

A hybrid robot involves a link that is connected with more than other two links; such a

link is called a Aybrid link.

3.2 Functional Requirement for Modular Robot Architecture

To define the modular robot architecture, a general design theory called Axiomatic
Design Theory (ADT) (Suh, 1990) is applied. According to ADT, the functional
requirements should be defined, then a set of design parameters, which determine effects

on functions, is defined, and finally the modular robot architecture is defined by a set of

features.

The architecture of modular robot systems should support the creation of modular robot
configurations to meet a set of functional requirements and possible manufacturing

applications. Functional Requirements (FR) are those that produce configuration

51



variations. Based on the previous discussion on various robot configurations in
manufacturing environments, the FRs for deriving the architecture of a modular robot

system are presented as follows:

FRO: To produce configurations of serial, hybrid, and parallel robots.

FR1I: To enable variations in terms of kinematic chain structures, including serial robot

structures, parallel robot structures, and hybrid robot structures.

FR2: To enable variations of assemblies for serial robots in terms of (i) the number of
basic motion types (R or L), and (ii) permutation of the motion types; for parallel and
hybrid robots, in terms of (i) permutation of multiple inputs and outputs, and (ii)

different connections between parallel or hybrid structures and limbs.
FR3: To enable variations of basic components with specific physical properties,
including (i) basic 1-DOF motion (R or L) with different properties, (ii) multiple DOFs

Jjoints; and (iii) various types of connections with special orientations and locations.

It is noted that multi-DOF motions may not be assembled from a set of 1-DOF motion

joints. This justifies the need for an integral multiple DOF joint module, i.e., FR32.
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Figure 3.7 Functional requirements (FRs) for a modular robot architecture

3.3 General Architecture of Modular Robots (GAMR)

3.3.1 Design parameters and functional requirements

The general architecture of modular robots (GAMR) should be defined to meet all of the

FRs. According to ADT, a set of design parameters (DPs) of a GAMR must be identified;
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these design parameters must satisfy the FRs. To develop the GAMR, design parameters

(DPs) are further used to specify the features.

Figure 3.8 shows the design parameters of the GAMR, presented hierarchically. DPs,
shown in Figure 3.8, must correspond to the FRs (Figure 3.7). The meanings of these
DPs are also illustrated in Figure 3.8. Taking DP11 as an example; DP11 stands for the
types of links. which in particular has more than two connection ports; such types of

links are needed in order to build a hybrid robot, which is FR1 (Figure 3.7).
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Robot DP02 1' N DPI12 ': i
variants i i : !
/1 : DP33 i
H DPo3 K DPI3 kN ppp K ;
! 3 | D3t |!
| General | | Kinematic | ! i i
| variants | | structure | | Assembly || Components |
R s e e s DN, SN, 7 A S ot
DPOI. Topology of DP11: Link types allowing over | DP21: Permutation of joints DP31: 1-DOF active or
hybrid robot 2 input or output determined by DP0 passive joints

connections

DP02: Topology of DP12: Link types allowing an DP22: Permutation of for links DP32: Multiple-DOFs

serial robot intput and an output determined by DPI active or passive
connection joints
DPO03: Topology of DP13: Link types allowing over DP33: Assembly patterns of
parallel robot 2 input and output link and joint module

connections

DP34: Adjustable
parameters for links
and joints

Figure 3.8 Design parameters for robot variations
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3.3.2 Definition of GAMR

By summarizing all DPs, the following definition of a GAMR is given by a list of

features.

Feature 1: A modular robot system consists of a set of joint modules and link modules.
These modules have different types, which cover those in existing modular robot
systems. Link modules also include the base and end-effector platforms, and joint

modules include gripper modules and wrist modules.

Feature 2: Both joint and the link modules can have multiple ports through which a
connection can be made, and the connection can take place between any two modules
(joint/joint, link/joint, or link/link). Physically, ports have dimensions, and the ports of

two different modules with identical dimensions can be connected.

Feature 3: There are two special types of link modules that are designed to connect with
more than 2 modules: hybrid link module and platform module. A platform module is
either a base (base platform) or an end-effector (end-effector platform) in a parallel
robot, while a hybrid link module is a connection among the joint modules to form a

hybrid robot.

Feature 4: Joint modules are further classified into the active and passive modules. An

active joint module has actuator(s), while a passive module does not have any actuators.
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Feature 5. Adjustable variables are included within some modules. These include (i)

adjustable geometric dimensions of a link module, and (ii) the adjustable initial position

in an active joint module.

Table 3.2 shows the correlation between the DPs and the features, where “x” means that

a feature has a contribution to the corresponding DP.

Table 3.2 The relationship between DPs and GAMR features

DP

Feature 1

Feature 2

Feature 3

Feature 4

Feature 5

DPO1

X

X

X

DP02

DPO3

DP11

DP12

DP13

X [ X [ X | X | X |[X

DP21

DP22

DP31

DP32

X | X | X [X

DP33

DP34

X [ X [ X [ X X |XIX[X |[X X [X

3.4 Justification of GAMR

The generality of the GAMR can be demonstrated using Table 3.3. In Table 3.3, the left

two columns show all the features of the GAMR. The remaining columns show other
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architectures, where the features covered by these architectures are indicted by “x”.
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Table 3.3 A comparison of GAMR with others existing architectures

T
- & ] -
2 ) o § L .
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ol T = S 3 q S5
5 N 2 2 2 = N 2
= £ = g —~ S| 2 » g
@ S Z 2 |3 2 S8 = 5 =
= < o @ & =S| 2 B S 0
Features ) % & S - QT | £ £ a &0
oy ~ = m o 3] o = —- s
5 |2 |88 2 |2 |3¥|E |£ |E |Sg
£ & =2 | & ) = L &) <a
Joint Active X X X % X X X X X X
Passive x x
Multiple DOFs X X X X X
Adjustable position
Link Fixed Dim. x x X x X x X
Changeable Dim. x x X
Hybird types
Platform types
Link/Joint Single pattern x x X x
connection [ Multiple pattern x x x X X
Link/Link Single pattern
Connection [ Multiple pattern x
Joint/Joint Single pattern
Connection | Multiple pattern X

It can be seen that the GAMR has the most coverage of features, which implies its
generality. It is also demonstrated that very few architectures include adjustable

components.

3.5 Modular Robot Configuration and its Computer

Representation

3.5.1 Configuration

A modular robot configuration is an assembly of a set of link and joint modules. Types
of link modules and joint modules and their connectivity were defined in GAMR.

Variations of configurations are attributed to both the module level and the assembly
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level. At the module level, the different geometric and inertia properties, and capacities
(e.g., torque and speed), contribute to different configurations. At the assembly level,
variations of configurations result from the following factors: (i) assembly ports of each
module, (ii) adjustable parameters of modules, (iii) number of link and joint modules,
and (iv) connections of modules. It should be noted that the configurations may be
isomorphic; in particular, at the assembly level, several assembly patterns of a link
module (for example) are identical, see Figure 3.9. The isomorphic assembly patterns
must be identified prior to configuration design, which considerably reduces the
computational time. Chen (1994) developed a method to identify isomorphic assembly

patterns; this method will be used in the present study.

Figure 3.9 Isomorphic module assemblies

3.5.2 Computer representation

In order to create a mathematical model or computer model to perform modular robot
configuration design, first of all the information about an individual configuration of
modular robot needs to be structured into a representation that can be easily manipulated.
A configuration can be viewed as a set of modules and a set of connections. Therefore,
the representation of a configuration can be divided into the representation of modules

and the representation of connections or assemblies. These two representations are
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apparently related to each other; the representation of the connections will have

references to the representation of modules, as modules form the connections.

Data modeling is a tool that can be used for developing the representations above, which
consequently is a database model (Zhang 1994, Zhang and Liu 2000). The manipulation
of a database model will need a database management system (DBMS). Although, from
the viewpoint of computer integrated manufacturing, a database model is a core to
communicate with other downstream manufacturing and assembly processes, the
database model managed by a DBMS is not easily integrated with design process models,
such as design analysis and design synthesis. An effective way is to create a data
representation between the database and the design process. This data representation still
needs to be divided into two parts: modules and assemblies. A basic idea for this
representation is that the part for modules may follow a formalism called the
object-based, while the part for assemblies follows the graph theory and its

representation incident matrix in particular.

3.5.3 Computer representation of modules

Object-based formalism represents the module information in the following form (taking

the link and joint modules as examples):
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Entity Joint module
Number of DOFs
Motion type of each DOF
Active attribute of each DOF
Torque ranges
Connectable module types
Motion range for each DOF
Adjustable parameter for each DOF

Isomorphic assembly pattern

Dimensional parameters
Dynamic parameters

End-Entity

Entity link module:
Connectable module types

Isomorphic assembly pattern

Fixed dimensions
Changeable dimensions
Dynamic parameters

End-Entity

211213

- Linear/Rotary

. Passive/active

: Force/torque

: Link and joint modules

: Displacement/Velocity/Acceleration
: Initial joint position

: Number, input and output postures for

each pattern

: Length(s), width(s), height(s)

- Mass(s), center of mass(s), inertiai(s),

: Link and joint module

: Number, input and output postures for each

pattern

: Displacement and orientation
: Displacement or orientation

: Mass(s), center of mass(s), inertial(s),

In the above, the left column contains attributes that define one aspect of the features of

a particular module, while the right column contains the domains from which the

attributes on the left column should take values.
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3.5.4 Computer representation of assemblies

Several definitions from graph theory are given as follows:

Definition 3.1 (Graph) a graph G=(V] E) consists of a vertex set, V(G), and an edge set,

E(G), such that every edge in £(G) is associated with a pair of vertices in V(G).

Definition 3.2 (Labeled Graph) A labeled graph is a graph in which the vertices are
labeled by vy, vy, v3,..., v, and the edges are labeled by e, ey, e3,..., e, such that V={ v;,

V2, V3,..., Vi } and E= { e}, ey, €3,..., €y }.

Examples of a graph and labeled graph are shown in Figure 3.10a, b, respectively. The
graph has 6 vertices and 5 edges in Figure 3.10a, and the vertices and edges are labeled

in Figure 3.10b.

(a) A graph (b) A labeled graph
Y g <Ry R
o  Vertex SNt Edges ialts

Figure 3.10 Examples of a graph and a labeled graph

61



Definition 3.3 (Incidence matrix) Let G=(V, E) be a labeled graph, where V={ v;, v,
V3,..., Vv } and E= { e;, ey, e3,..., e, }. The incidence matrix M(G) is an mxn matrix in

which the entry in row i and column is 1 if edge e; is incident on vertex v;. Otherwise, it

is 0 (Yang 1999).

Considering an example, the incidence matrix for Figure 3.10b could be obtained as

follows:

[
[
N
w
Q
<+
®
5

S O == O
S = = O O O
_— 0 = O O O

S oo O = = O

<

=N
S OO = O =
L

The incidence matrix cannot completely represent the physical properties of a vertex and
an edge, nor the connectivity information between a vertex and an edge. For example,
the incidence matrix cannot represent the following pieces of semantics: an edge (e.g., a
joint) has 5 assembly ports (1, 2, 3, 4, 5), and port 1 is associated with a specific
connection with a vertex (e.g., a link). An extended incidence matrix called the object
incidence matrix (OIM), providing more detailed descriptions of vertices, edges and
their connections and aiming to represent those pieces of semantics, is defined as

follows:

Definition 3.4. (OIM) Object incidence matrix. Let G=(V, E) be a labeled graph, where
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S (Vy={ SO, S(2), S(¥3),-.., S(Vm)}, S(E) = { S(er), S(ez), S(es),..., S(en)}, where S
represents the structured object of links and joints. The incidence matrix M(S(G)) is an
mxn matrix in which the ith column is S(v;), the jth row is S(e;), and the entry in row i
(corresponding to S(v;)) and column j (corresponding to S(e;)) is ¢ when there is no
connection between S(v;) and S(e;) and a complex expression when S(v;) and S(e)) has a
connection. This complex expression describes the detailed information of assembly
between S(v;) and S(e;). For example, S(v;) refers to the detailed structure information of
vertex 1, say link 1, which at the same time the subscript 1 means the first row of the
incidence matrix. In the following discussion, S(v;), S(e;) and entries at row i and column

J may be called data objects. The following example provides an illustration for OIM.

3.5.5 Example

Figure 3.11 shows an example of modular robot configuration based on the architecture
of the AMTEC modular robot system (Jaenisch et al. 2000). The system consists of 12
types of joint modules and 14 types of link modules. A detailed description of the

AMTEC system is provided in Appendix A.
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Adjustable Robotic Location
(X YorZo) €[+0.05, +0.05, £0.05]

| Z
F—X
{ Assemble Patternsg
# v [ _ [ of Linear Joint
olf]
L= J=4
LP=
CO Types of Links [®
CD Lel2.. 04 1p-
< Joint Modules
Jiell 2, ,12]
=1
Types of Gripper Assemble Patterns of
Modules ;
Rotary Joint
Gell1,2]

g P2, 7]

Ji(i=1,2,3)  :typesofjoints (J, =4, J, =10, J, =4), where i identifies a particular joint
module in an assembly.

L;(i=1,2) : types of links (L, =1, L, =2), where i identifies a particular link module
in an assembly.
G : type of gripper (G =1).

JP;(i=1,2,3) : assembly patterns for the joint modules (P, =5, JP, =2, JP;=T7).
LP (i=1,2)  :the assembly patterns for the link modules (LP =1, LP =1).

Figure 3.11 Example of a 3 DOF configuration

For the configuration shown in Figure 3.11, the types of link and joint modules in this
example modular robot (i.e., joint type 4, joint type 10, link type 1, link type 2, and
gripper type 1) are data objects (see definition 3.4) and their detailed structural

information is given in Table 3.4.

Table 3.4 Data objects for joint and link modules

Joint Type 4 Joint type 10

One Degree of Freedom (active and rotary);
The joint motion range is [-0.95n. 0.95x];
The joint torque: 18.7;

One Degree of Freedom (active and translational);
The joint motion range is [0, 0.35]:
The adjustable initial position [0.0. 0.02];
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The connectable modules are the links with the size 70cm;
The number of isomorphic patterns is 7;
The input ports for the assembly patterns are
{[1,0,0,0:0,1,0,0;0,0,1,-0.070,0,0,0,1];
[1,0,0,0;0,1,0,0;0,0,1,-0.070;0,0,0,1];
[0,0,-1,0.035;1,0,0,0;0,-1,0,-0.035;0,0,0,1];
(1,0,0,0;0,1,0,0;0,0,1,-0.070;0,0,0,11;
[0,0.-1,0.035;1,0,0,0;0,-1,0,-0.035;0,0,0,17;
[0,0,-1,0.035:1,0,0,0;0,-1,0,-0.035;0,0,0,1];
[-1,0,0,0;0,0.-1,0.035;0,-1,0,-0.035,0,0,0,1]};
The output ports for the assembly patterns are
{[1,0,0,0;0,1,0,0;0,0,1,0.070;0,0,0,1];
[0,0,1,0.035;1,0,0,0;0,1,0,0.035;0,0,0,1];
[1,0,0,0;0,1,0,0;0,0,1,0.070;0,0,0,1];
[0,0,1,0.035;1,0,0,0;0,1,0,0.035;0,0,0,1];
[-1,0,0,0;0,0,1.0.035;0,1,0,0.035;0.0.0,1];
[0,0,-1,-0.035;-1,0.0,0;0,1,0,0.035:0,0,0.1];
[0,0,1,0.035;1,0,0,0;0,1,0,0.035;0,0,0,1] };
Two parts of masses are {0.9,0.9];
The centers of masses:
[0,0,-0.035]and [0.0,0.035];
The moments of inertia:
[0.05,0.05,0.05] and [0.05,0.05,0.05];
The joint size is *70cm’;

The joint force: 500;
The connectable modules are the links with the size
70cm;
The number of isomorphic assembly patterns is 5;
The input ports for the assembly patterns are
{(1,0,0,0,0,1,0,0;0,0,1,-0.070;0,0,0,11;
[-1,0,0,0;0,0,-1,0.035;0,-1,0,-0.035;0,0,0,1];
[0,0,-1,0.035;1,0,0,0;0,-1,0,-0.035;0,0,0,1];
[1,0,0,0,0,0,1,-0.035,0,-1,0,-0.035:0,0,0,1];
0,0,1,-0.035;-1,0,0,0;0,-1,0,-0.035;0,0,0,11};
The output ports for the assembly patterns are
{[-1,0,0,0,0,0,1,0.035;0,1,0,0.040;0,0,0,1];
[-1,0,0,0;0,0,1,0.035;0,1,0,0.040;0,0,0,1];
[-1,0,0,0;0,0,1,0.035,0,1,0,0.040;0,0,0,1];
[-1,0,0,0;0,0,1,0.035;0,1,0,0.040;0,0,0,1];
[-1,0,0,0;0,0,1,0.035;0,1,0,0.040;0,0,0,11};
Two parts of masses are =[2.0,0.6];
The centers of masses:
[0,0,-0.035] and [0,0,0.040];
The moments of inertia:
[0.2,0.05,0.05] and [0.05,0.05,0.05];
The joint size is *70cm’;

Link Type 1

The connectable modules are the links or joints with the
size 70cm;

The number of the isomorphic assembly patterns is 1;

The input port of the assembly pattern is
[1,0,0,0;0,1.0,0;0,0,1,0: 0,0,0,1];

The output port of the assembly pattern is
[1,0,0,0:0,1,0,0;0,0,1,0.090:0,0,0,1];

The link mass is 0.63;

The moments of inertia are [0.016, 0.016, 0.006];

The center of the mass is [0,0,0.045];

The link size is *70cm’;

Link Type 2

The connectable modules are the links or joints with the size
70cm;

The number of the isomorphic assembly patterns is 1;

The input port of the assembly pattern is
[1,0,0,0;0,1,0,0;0,0,1,0; 0,0,0,1]

The output port of the assembly pattern is
[1,0,0,0;0,0,1,0.035;0,-1,0,0.035;0,0,0,1];

The link mass is 0.54;

The moments of inertia are [0.015, 0.015, 0.01];

The center of the mass is [0.035,0,0.035];

The link size is *70cm’;

Gripper Type |

The connectable modules are the links or joints with the
size 70cm;

The number of the isomorphic assembly patterns is 1;

The input port of the assembly pattern is
[1,0,0,0:0,1.0,0:0,0,1,0; 0.0.0,1]

The output port of the assembly pattern is
[1,0,0,0;0,0,1.0;0,1,0,0.090:0,0,0,1];

The gripper mass is 1.1;

The moments of inertia are [0.2, 0.05. 0.05];

The center of the mass is {0, 0, -0.045];

The gripper size is "70cm’;

The gripper stroke is 0.060;

In this configuration, there are 4 vertices (base, 2 links and gripper) and 3 edges (2

rotary joints and 1 linear joint). Vertices and edges are connected in a serial mode. The

object incidence matrix from definition 3.4 is given as follows: (i) S(¥) and S(E) are

defined by two attributes <k, 4>, where k denotes the module class (e.g., base, link,

gripper, etc.), and / denotes the module type in a module class (e.g., for the module class
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of a link, the type identifiers are 1 and 2); (ii) the entry for row i and column j has the
following format: <i,, i, i3, i;>, where i; denotes whether or not the corresponding
vertex and edge is connected (1 for connected and otherwise 0), i, denotes whether part
A or B of a joint module (see Appendix A for details) is associated with the connection
( 0 for part A and 1 for part B), i;denotes the assembly port on the vertex (link), and iy
denotes the assembly port on the edge (joint). Based on this discussion, the OIM for the

modular robot shown in Figure 4.11 is given below:

< joint, 4 > < joint, 10> < joint, 4 >

< base, I > <1012> ()] D

<link, 1> <11L1,8> <1,022> D

< link, 2 > 4] <1,1,1,6 > <1,021>
< gripper, I > ()] 0] <1,1,1,7 >

In the above OIM, the entry in row / and column / has the following meanings: the first
number “/” means that the first vertex (base) and the first edge (joint type 4) is
connected, the second “0” means that part A of the first joint is connected to the base, the
third “7” means the assembly port / on the base is used to connect the first joint, and the

fourth “2” mean the assembly port 2 on the first joint is used to connect the base.

3.6 Summary

This chapter discussed the modular robot architecture, configuration and its
representation. In particular, a general conceptual architecture of modular robot was

proposed. Axiomatic Design Theory (ADT) moved a systematic process for developing
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the GAMR. The GAMR was found to be the most general and provided a basis for
subsequent development. The configurations of a modular robot were derived from its
architecture. Separation of configuration and architecture is a key to achieve a
systematic and complete method for computer-aided configuration design. Finally, an

integrated representation of a modular robot configuration, the object incidence matrix

(OIM), was developed.
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Chapter 4

Automated Kinematic and Dynamic Modeling of
Modular Robot Configurations

The design of a modular robot requires developing kinematic and dynamic models after
the design variables are given. Computer-aided design and synthesis of modular robots
requires automated generation of the kinematic and dynamic behavior. This chapter
presents a new approach to achieve computer-aired generation of kinematic and dynamic

behavior.

Many theories, methodologies and analysis tools are developed for modeling of
non-modular robot structures. They cannot be adopted directly to modular robots for
three reasons. First, descriptions of non-modular robots usually involve physical
parameters, such as the Denavit-Hartenberg (D-H) parameters, screw parameters, and
Product of Exponential (POE) parameters; while design variables for modular robot
configurations include many discrete variables, such as the types of joint and link
modules. Second, most previous research targeted non-modular robot configurations
with fixed topology, but a large number of candidate robots with varying types of
topology must be analyzed for modular robot configuration design. Third, for
non-modular robot design, design variables were commonly decomposed into categories

such as kinematic parameters, dynamic parameters, and control parameters. However,
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for modular robot configurations, design variables simply represent a configuration
based on a particular architecture. In fact, a change in one design variable may invoke

the change of kinematic, dynamic, and control behaviors simultaneously.

This chapter is organized as follows. In Section 4.1, direct and indirect modeling
methodologies are discussed. It is argued that indirect modeling is better and it is,
therefore, adopted in our research. Section 4.2 presents the derivation of an architecture
for the D-H notation from the OIM representation of a modular robot configuration. In
Section 4.3 and Section 4.4, we present the kinematic and dynamic conversions from the
OIM representation to the D-H representation of a modular robot configuration,
respectively, a key step to implement indirect modeling methodology. Section 4.5
presents a computer program to implement an indirect modeling method. In Section 4.6
we validate the indirect modeling methodology through experiments and Section 4.7

provides a summary.

4.1 Modeling Methodologies

In modular robot configurations, design variables represent configurations for certain
purposes, e.g., kinematic trajectory tracking, reduction of torques in actuators. Once the
design variables are determined, two alternative ways can be employed to compute
kinematic and dynamic behaviors, direct modeling and indirect modeling. Direct
modeling establishes a dedicated procedure, directly from modular robot design
variables, to compute the kinematic and dynamic behaviors. The disadvantages of the

direct modeling are as follows. First, such a procedure only suits a particular definition
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of modular robot architecture. Second, the cost of developing procedure is too large. The
indirect modeling has two steps; the first step is to convert modular robot design
variables to a description that views modular robots as a non-modular robot and follow a
particular formalism for non-modular robots, such as the D-H notation; the second step
is to compute the kinematic and dynamic behavior based on a dedicated procedure
related to the formalism for non-modular robots. This modeling methodology has an
advantage that the second step can be utilize computational methods for non-modular

robots.

The indirect modeling method decomposes a complex problem into a set of relatively
simpler problems, and a total solution to the problem is the aggregation of individual
solutions to these simpler problems. This approach not only improves the flexibility of
the method but also the robustness of the solution. In this research, the indirect modeling

method is adopted.

A configuration is obtained from its underlying architecture. Therefore, design variables
depend on a particular architecture. A modeling methodology developed for a more
general architecture is applicable to a more specific architecture. In this thesis, the

GAMR, described in Chapter 3, is chosen because of its generality.

4.2 From the GAMR to the D-H Architecture

In Chapter 3, the GAMR architecture for modular robots was developed. Modular robot

configurations are generated based on the GAMR. The indirect modeling method for
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computing the kinematic and dynamic behaviors of a modular robot needs the
conversion from the GAMR to the D-H architecture. It is noted that this thesis adopts the
definition of the D-H architecture given by Paul (1981). This thesis uses the D-H
architecture interchangeable with the D-H notation, though the former is with more
empbhasis on the definition of coordinate systems on the joint and link, while the latter on

the notational convention.

4.2.1 Joints and links from a viewpoint of the D-H architecture

A robot configuration has one base linkage, which is connected to the ground or a part of
the ground, and one or several grippers as an end-effector to hold the work piece. The
chain, which relates the base to a gripper through a series of motion axes and
intermediate linkages, is called the main kinematic chain; other chains which may start
or end at the intermediate linkage of a main chain are called the branch chains. Both a
main chain and a branch chain are formed in series and correspond to a group of D-H
parameters. A serial robot has only one main kinematic chain; while a hybrid or parallel

robot has a main chain and some branch chains.

As shown in Figure 4.1, D-H parameters are defined from the motion axes and the
linkages, called the D-H architecture. To apply the indirect method, the robot modules
defined in Chapter 3 must be viewed from the D-H architecture. For this purpose, joint
modules are viewed as follows: (i) each motion axis corresponds to a joint body where
the joint body consists of two components that could translate or rotate relative to each

other; (ii) each connection between two motion axes corresponds to a linkage body
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where the linkage body has ports at its ends through which to connect with joint bodies;
(iii) both a linkage body and a joint body are physical objects with physical properties as
dimensions, assembly ports, masses, center of mass, and moment and product of inertias.
A coordinate system is associated with each linkage body and each joint body (see
Figure 4.1), and such a coordinate system is called a local coordinate system. A local
coordinate system on the base body, which is fixed on the ground, serves as a world
coordinate system for describing motions of moving objects. In Figure 4.1, the local
coordinate system for joint body i is shown to be {O;, X; o, Yi0, Z; 0}, and is denoted by
F;, for short. Because objects are inter-connected, their local coordinate systems are
related through a coordinate transformation matrix. A local coordinate system of any
moving object is related to the world coordinate system through the coordinate
transformation matrix. The definition of the local coordinate systems for different types

of joint and linkage bodies for the AMTEC system is given in Appendix A.

Joint bof’ly i
(Zi.1 Zip)

Linkage i
Joint body i+1
7

Z(Zi11,0)

a;: the length of the common normal between Z,; and Z;
o : the angle between Z,; and Z; measured about X

d; : the distance from X, to X; measured along Z; ,

9, : the angle between X, and X; measured about Z,_;

Figure 4.1 Architecture for the D-H parameters
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For a link module or a joint module with 1-DOF, a link module and a joint module
correspond to a linkage body and a joint body, respectively. For a joint module with
multi-DOFs, each motion axis corresponds to one joint body. Physically, there is no
linkage body between two motion axes. However, the D-H notation requires a pattern,
i.e., joint body-linkage body-joint body. The concept of a virtual linkage body is
proposed to resolve this issue. The virtual linkage body has no mass, and is a geometric
element. Taking a wrist module with 2-DOF, shown in Figure 4.2, as an example to
explain the virtual linkage body concept, this module has three physical components
(Figure 4.2a): rotary block 1, rotary block 2, and wrist link. The wrist link holds the two
rotary motion axes. Figure 4.2b shows the representation of the wrist system in the D-H

architecture, where two virtual linkage bodies are introduced.

Joint

Rotar R 1 boay 2
olary Assembly port blg(t:al{% @m
Bliek & for component 2 \,- =
Sl ' L Virtal
Wrist link Rotary +_ linkage body 2
blockl i -
R : Linkage body
!~ s 7 4 s
HIN.
block 1 b SN A oy 1
Assembly port . Virtual
for component 1 linkage body 1
(a) Wrist module (b) Body definition of wrist module

Figure 4.2 The concept of virtual linkage body: the wrist module

4.2.2 Computer-aided generation of the D-H architectures

A procedure to obtain the D-H architecture (i.e., kinematic chains, their motion axes, and

linkages) is shown in Figure 4.3. The main strategy in computer-aided generation of
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D-H architecture from the OIM representation is as follows: (i) in the outer loop of the
procedure, the process reads the OIM representation and determines on whether the
chain is a main chain or a branch chain; (ii) if a link module is found to connect with
three or more joint modules, there will be one or some branch chains, and (iii) the

procedure will be finished when all joint modules are examined.

Base as the link module

Set the link module as
_ | the first linkage body
/ g in the chain

v
Find a connected but
> unmarked joint
/ module within OIM \

Mark the joint module

Does the joint have

No multiple DOFs? Yes
' A
Set the link module as Set the joint module Decompose the joint module to a set Set the link module
the a linkage body in as a joint body in the of linkage bodies, virtual linkage as a linkage l')ody in
the chain chain bodies and joint bodes in the chain the chain

[ |

Find a connected link module by checking non-null
elements of the corresponding column of OIM

s the chain whether a
main chain?

Is the link module a
hybrid, parallel link or
gripper?

Is the link module a
gripper?

Set the link module at
the last linkage of the
chain

oes the link module along t
main chain have connected
unmarked joints?

Output all of kinematic
chains, their motion axes
and linkages.

- Figure 4.3 Procedure to derive the D-H architecture from OIM
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4.3 Kinematic Conversion

Each kinematic chain contains a series of joint bodies and linkage bodies; therefore it

has multiple sets of D-H parameters.

4.3.1 Labeling for joint and link bodies within a kinematic chain

In a main kinematic chain or a branch kinematic chain, the joint bodies and linkage
bodies are connected in a sequence from the initial link body to the final link body. Link
bodies and joint bodies are labeled in terms of their positions within the kinematic chain,
i.e., link body 0, link body I, ...., link body n+1 for link bodies and joint body /, joint
body 2, ...., joint body » for joint bodies, respectively, where » is the number of joint
bodies. The number of sets of the D-H parameters equals the number of joint bodies. A
set of the D-H parameters corresponding to each joint body is derived from the first to

the last joint body.

4.3.2 Kinematic properties of a joint and linkage body

The D-H parameters are determined by the spatial relationship of three joint bodies and
two linkage bodies, as shown in Figure 4.1, and this set of the D-H parameters
corresponds to the intermediate joint body. A particular set of D-H parameters, say D-H
parameter set i, follows the identification of joint body i. For joint body i, the D-H

parameters are determined by the following kinematic properties of individual joint
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bodies:

(1) Local coordinate system for joint body i, F;={ 0,0, Xi0, Yi0, Zi0}

(ii))  Type of joint body i

(ili)  Two ports on joint body i: input port P;;, and output port P; ou

(iv)  Input port on joint body i+/: Py i

(V) Transformation matrix LT; from P;,,, and output port Pis; jn.

Definitions of local coordinate systems for each joint and linkage body are given in

Appendix A.

4.3.3 Determination of the D-H parameters for joint body i

Assume that the set of the D-H parameters for joint body i-/ and its corresponding
coordinate system i-/ with respect to the world coordinate system have been determined

in the preceding steps. Let:

X, Z; : axes of the coordinate system attached to the motion axis of joint body i
with respect to the world coordinate system
0;5, O;> : intersecting points between X;; and Z;; and between X; and Z.j

respectively; see Figure 4.1
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The rules for assigning the D-H axes (X; and Z;) are as follows:

Rule 1: Z; 1is assigned to the motion axis of joint body i+1.
Rule 2: X, is assigned along the common normal of Z;; and Z;, and its direction follows

the right-hand rule from Z;; to Z..

In the following, the positions of the D-H axes and the corresponding kinematic
parameters are computed in the reference system: the local coordinate system of joint

body i, i.e., Fip={ 00, X0, Yi0, Ziy}. For the example of Z;, it can be expressed in Fj,

by:
i0 Z = (Pi,(ml LT, '(Piu,m )—l )i+1,0Zi (4.1)
where
4 : Z-axis of the coordinate system attached to the motion axis of joint body
i+1 with respect to the coordinate system F; .
i+1,0Zi : Z-axis of the coordinate system attached to the motion axis of joint body

i+1 with respect to the local coordinate system of joint body i+/.

The location of X; is decided by two scales k; and k3, see Figure 4.1. First, one obtains:

0,=0,+k -Z_ } 42)

0 =0i+1,o +k,-Z,

i+1.1

Because X is perpendicular to both Z;_; and Z;, the following equations can be derived:

(Oi,z - 0i+1,l ) Z,‘_l = 0}
(Oi,l - 01+1,1 ) Z =0

From eq. (4.2) and (4.3), k; and & can be obtained as:
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k/ Z/—l '(oi,l 0:0)
k,=-Z, (Om,o 0:1) 22 =0
k, (ZI 1 —Zi (Zl-l Z!)).(OH»I,O 010) s
(-(z.-z)) (4.4)
i / Z_ -Z #0
k (" Zi +Z; 1 (Zi—l 'Zf))'(omo —Oi,()) ! P
2
(1-(z.-z))y

After Xj is determined, the D-H kinematic parameters are calculated by:

a; = ‘0i+l.1—-i,0 0,
a, =cos™ (Z,._l -Z,)
d, = (Oi.2 - Oi,l)' Z,,

O; =COS—I(X:'—1 'Xi)

(4.5)

4.4 Dynamic Conversion

A joint is shared by two linkage bodies. Therefore, a joint is divided into two
components from a viewpoint of the physical mass. Consequently, a linkage body, which
has two end joints, should have three sources of contributions to its total masses: the

linkage body, and two halves of the end joints.

Dynamic parameters must refer to a particular reference coordinate system through the
center of mass. For linkage body i, this coordinate system is parallel to the coordinate

system Fiy;; ={ Oi+11, Xi, Y;, Z;}, which is determined through kinematic conversion,

and denoted by F,3,,. Also, X;, ¥;, and Z; are assumed to be three principal inertia axes,
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Figure 4.4 illustrates the dynamic parameters for linkage i, where m; is the mass and

vector r; is the center of the mass, and they are computed, by:

(4.6)

my=m;,+m;,+m, }

K= (mi,lri,l Tm b, M, )/ m;

1

where
m;, and r; are the mass and the center of mass with respect to F;+; ;, respectively.
mj;, and r;; (j=1,2,3) are the mass and the center of the mass associated with extended
linkage body i, respectively, and in particular:
j=1: half joint body i (left)
j=2: linkage body i (middle)

J=3: half joint body i+/ (right)

Joint body i

Linkage i

Figure 4.4 Dynamic parametric conversion

Three mass components for extended linkage body i have their own local coordinate
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systems, which are denoted F;,, P;,,and Fj:; 9. Care must be taken that F;y and Fj; 9
are the frames which originate at the center of mass of half joint body i and half joint
body i+/ (Figure 4.4), respectively, and they are parallel to the local frames which are
determined through kinematic conversion, as discussed above. The moments and the

products of inertia of the three mass components are then calculated by the following

two steps:

Step 1: Apply the parallel axis theorem to calculate the contribution of each mass
component to the center of mass of the extended linkage body i. For example, the

contribution of mass component of joint body i (left) is calculated by:

~1

aonod = s on ot T M0 ((Y,o '("i —ri,l))2 + (Zi,() '(’i _ri,l))z)\ @.7)
YioYiosl = I.Vi.o}’,'_u,l + mi,l (Xiyo ’ (ri _rf.l ))2 (Zi.o : (rl - ri,l) 2)
I +m;, (X .

1

|

~

0%l Zi0%1.0]

0
5 ovad = Mg (Xi,() ’("f ey, )(Yi,o ( i —ri,l))
A mi.l(Xi,() '("i “ri.l)xzi,o '(ri _ri,l))

Xi.0%i0

Viozod = Mig (Y,() '(ri —Fi ))(Zi,o '("i —ri,I))

o T

where
I,, :moment of inertia of the mass component, joint body 7, with respect to axis w
in frame F;,.
I, :product of inertia of the mass component, joint body #, with respect to axes w

and h in frame F,.

Twi  : moment of inertia of the mass component, joint body #, with respect to axis w

in a frame with origin O;; ; and parallel to F;,.
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Iwn1 : product of inertia of the mass component, joint body i, with respect to axes w

and h in a frame with origin Oy, ; and parallel to F,.

By changing 1 to 2 (3) and F;, to Fi+;9 (P;ou), One can obtain the contribution of the
moment of inertia and the product of inertia of half joint body i+ (right) and link body i

to the center of mass of extended linkage body i.

Step 2: The moment of inertia and the product of inertia calculated from the first step
occurs about the frames which are set up at the center of mass #; of the extended linkage
body 7, and in parallel to the local frames. These local frames are different from the
frame of extended linkage body i, F+;;. Therefore, a conversion must be performed,
which calculates the contribution of each component mass with respect to Fi+;; by
applying the formula of rotation of axes (Jong and Rogers 1991). For joint body i (left),

the rotation matrix, R;, is formed by:

Xi,O X, Yi_o'Xz Zi,O Xi
R = X0'Y, Y, Y Z, Y, (4.8)
Xi,() Zi Yi,o'Zi Zi,o'Zf
The inertia tensor of joint body i (left) with respect to F;+, ; can be calculated by:
[~":-"n| - [—"i."1~] - ]xizisl Ixi_()'xi,()’l - [xi.u)’f.nsl - X 0%i.0
-z - - r
- [-"i-"i-1 ].V:.Viﬁl - ],V.'Zi 1= R - ]»":_o)’i.nJ 1)’,'11)’,;(),1 N IYi.ozf.(h] R (49)
- ]"'i"hl - I-Vizi’l [:izivl - X 03501 - YioZil I:i_q):i.u»l

where the left side of eq. (4.9) is the moment and product of inertia with respect to Fj+; 1,

and the right side is calculated by eq. (4.8).
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The contribution to the moments of inertia from linkage body i and joint body i+/ can
also be obtained through a similar procedure. As a result, the integrated moments of

inertia of ‘/inkage’ i can be obtained by:

L,=>1,, I, =31 . I =>I_ (4.10)

Xi%; X X5 YiJi ViYisJ Zii J
j=1 J=l J=l
j=3 J=3 =3
]xv:: [\'1/ It,ziz [xi-,J ]y" = [l"j
j=1 J=l j=l
where
I,,: moment of inertia of the extended linkage body i with respect to axis w
in E+ 1,1
I,,: product of inertia of the extended linkage body i with respect to axes w
and hin F.; ;.
j=1: moments and products of inertia of the half joint body i (left).

j=2: moments and products of inertia of the linkage body i (middle).

j=3: moments and products of inertia of the half joint body i+/ (right).

4.5 Computer Program Implementation

A computer program for the kinematic and dynamic conversion was implemented. This
program was coded using the Matlab language, and was called ‘Converter’. The input to
Converter is the OIM, and the output to Converter is the D-H parameters/variables, see

Figure 4.5.

To further' compute the kinematic and dynamic behaviors, such as the forward and
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inverse kinematics and dynamics, Jacobian matrix, trajectory planning, a tool called the
‘Robotic Toolbox’, available in the Matlab environment, was used (Corke 1996). The
complete program, which calculates the kinematic and dynamic behaviors for a given
modular robot configuration, and contains the Converter and Robotic Toolbox, is called
“automatic kinematic and dynamic analysis” (AKDA). The flowchart of AKDA is

shown in Figure 4.5, and some details of AKDA are provided in Appendix B.

l OIM I
Derive the D-H
architecture

Kinematic and
Dynamic
Conversion
Converter

Task M
specification Matlab Robotic Toolbox
Forward Jacobian Inverse
Kinematics Calculation Kinematics
Forward Trajectory Inverse
Dynamics Planning Dynamics

Available D-H based tools

e 1 o — ) ) — o —+ ¢ 2 ¢ o & & o s =]

Figure 4.5 The program flow chart of AKDA
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)

(i)

(iii)

(iv)

4.6 Validation

The purpose of this validation is to verify whether our programs, Converter and AKDA,
are correct. Only a validation of the kinematic model was conducted for the following

reasons:

Commercial robotic systems typically use kinematic controls only; therefore the
validation of kinematics has a practical significance.

The kinematic model is a basis for the dynamic model. In other words, a reliable
dynamic model largely depends on a reliable kinematic model.

The determination of system dynamic parameters is a difficult task. Indeed, most
robot manufacturers provide very limited dynamic information for their systems,
which is not enough to build a dynamic model;

Once a kinematic model is obtained, the D-H dynamic parameters are calculated from
modular physical properties; thus the dynamic model could be derived using the
Newton-Euler algorithm or Lagrange’s method. There is no theoretical significance to

validate dynamic modeling.

The validation was conducted with two methods: (i) in comparison with a validated
theoretical model, and (ii) in comparison with a physical system. In this thesis, the first
method is reported, because the second method is largely dependent on the quality of the
control system for the physical system. The controller of the AMTEC system was

inappropriate as a reference to validate a simulation model (Bi 2001d). The validated
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theoretical model was developed by Nanyang University of Science and Technology,
Singapore, which has been implemented in the Simulation Environment for Modular

Robot System (SEMORS).

4.6.1 Example system for validation

A modular robot system, manufactured by the AMTEC Company, Germany, was used
for this validation. Information of the modules can be found in Appendix A. The
AMTEC system was set up at the Robotic Research Center, Nanyang University of
Technology, Singapore. A 6-DOF modular robot configuration, see Figure 4.6, was used
in the validation. This robot system was intended for loading and unloading operations.

For this system, the OIM representation as follows:

<Jjoint’, 2> <’joint’, 2> <’joint’, 2> <’joint’, 1> <’wrist’, 1>

( A
<’base’, 1> <1,01,1> é é ¢ é
<’link’, 19> <1,1,1,7> <1,02,2> ¢ ¢ 1]
<’link’, 4> ¢ <l1,1,1,6> <1,0,2,1> ¢ é
<’link’, 3> ¢ é <l,1,1,6> <1,0,2,2> ¢
<’link’, 20> é ¢ ¢ <l,1,1,6> <1,0,2,1>
<'gripper’, 2> | ¢ é @ ¢ <1,1,12>

\ J

In this example, the robot system consists of four rotary joint modules, one wrist module,
five link modules, and one gripper module. Figure 4.6b shows assembly patterns of each

module.
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(a) Configuration at the initial position (b) Modules and their sub-assemblies

Figure 4.6 Experimental modular robot

The information of task specification is given in Table 4.1, where a set of points is

prescribed.

Table 4.1 Prescribed pose for task specification

(X, Y, z) (unit: m) R
pO (0.1775, 0.3350, 0.1900) [1,0,0;0,-1,0;0,0,-1]
pl | (-0.2970,0.1775, 0.2300) [0,1,0;1,0,00,0,-1]
p2 (-0.2970, 0.1775, 0.1000) [0,1,0;1,0,0;0,0,-1]
p3 | (-0.2970, -0.0035, 0.2300) [0,1,0;1,0,0;0,0,-1]
pd | (-0.2970, -0.0035, 0.1000) [0,1,0,1,0,0,0,0,-1]
pS (-0.2885, -0.1607, 0.2300) [0,1,0;1,0,0;0,0,-1]
p6 (-0.2885, -0.1607, 0.1000) [0,1,0;1,0,0;0,0,-1]
p7 (0.3443, 0.0011, 0.4300) [1,0,0;0,-1,0;0,0,-1]
p8 (0.4150, 0.0011, 0.4300) [1,0,0;0,-1,0;0,0,-1]
p9 (0.4150, 0.0011, 0.3600) [1,0,0;0,-1,0;0,0,-1]
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4.6.2 SEMORS system

The SEMORS system performs inverse kinematics and task level control. The
methodology of SEMORS is based on the Product-of-Exponentials (POE) method (Chen

2001). For example, the graphical interface of SEMORS is shown in Figure 4.7.

i* Semors - Newwks

Ele Ect Yew Eob Jool Calbeate Tpojeciory Tosk Copvol Quipwt Senden  Epecte  Help

Diea_[<|e) w=[3 & olsls([o7> 2 &
Tywdpalhl!hu uuzr-nm[_ swn-i uoul Bus | Hat l
e i s |
¥ Modute Top .:J
pector
y Module Bottom
tary Module Axis
Rotary Moduie Top
¥ o 70 Connector
Rotary Module Bottom
0 Rotary Module Axis
r# 70 Rotary Module Top
F# 70 L Connector
70 Rotary Module Bottom
€# 70 Rotary Module Axis
=8 70 Rotary Module Top
4 70 Short Connector
&4 70 Rotary Modula Bottom
€ 70 Rotary Module Axis
8 /0 Rotary Module Top
38 78 Short Connector
=3 Wnist Module Bottom
€ Wrist Module Axis1
9 Wast Module Middie
< Wnst Module Axis2
>8 Wnst Module Top |
=8 Hand Module Bas |
4 Hand Module | _|
9 Hand Modul

€ Hand Module |
8 Hand Modul _ '
£/ — | ;l"‘
——r
Ready I |

Figure 4.7 SEMORS developed by Nanyang Technological University

The modular configuration and the corresponding task specification were input to the
SEMORS program. SEMORS generated motions and motion planning at the joint level
through the inverse kinematics module. We assumed that SEMORS was correct and,

therefore, was taken as a reference to validate the AKDA program.

A 6-DOF robot usually has multiple inverse solutions. Different solutions may be
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reached using the same algorithm from different initial points. However, with the
trajectory divided into 500 time segments, the same solution was obtained from a variety

of initial points.

4.6.3 Results and discussion

Converter generated the following D-H parameters for the modular robot (Figure 4.6).

These parameters were verified by manual calculation.

Joint D-H | Motion type ai(m) d(m) a(rad) f(rad)
1 R 0.000000 0.310000 1.570796 1.570796
2 R 0.000000 0.000000 1.570796 3.141593
3 R 0.000000 0.350000 1.570796 0.000000
4 R 0.315000 0.000000 0.000000 1.570796
5 R 0.000000 0.000000 1.570796 1.570796
6 R 0.000000 0.130000 0.000000 -1.570796

The joint displacements from the AKDA program were compared with those obtained
from SEMORS. As shown in Figure 4.8 a-f, there is a good match between the results
from the POE models and AKDA (maximum error ~0.00004 rad). Corresponding to the
given positions and orientations of working points, both SEMORS and AKDA reach the
same inverse kinematic solutions, the joint displacements derived from the task

specification.
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Figure 4.8 The comparison of joint displacements from SEMORS and AKDA
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4.6.4 Remarks

An experiment was conducted to acquire operational data from ATMEC robot. Our
results showed some discrepancies between the joint displacements from theoretical
model and those obtained from actual operation of the physical robot. A detailed
explanation and some suggestions to improve real-time control of modular robotic

systems are provided in the reference (Bi 2001d).

4.7 Summary

In this chapter, a new approach to the computer-aided generation of kinematic and
dynamic equations was developed based on indirect modeling method. In indirect
modeling, a kinematically independent representation of configurations of a modular
robot was converted into a kinematically dependent representation by using D-H
notation. Then kinematically dependent representations are employed to calculate the

kinematic and dynamic behaviors.

In comparison with existing research work, our proposed approach has the following
advantages: (i) it provides a systematic procedure for modeling and simulation of the
kinematic and dynamic behaviors; (ii) it starts from the most primary level of a modular
robot configuration, which is well-suited for modular robot configuration design; (iii) it
is applicable to all types of modular robot systems that consist of link and joint modules;
(iv) it can accommodate available programs for kinematic and dynamic analysis of

non-modular robot systems.

90



Chapter 5

Modular Robot Configuration Synthesis

As discussed in Chapter 1, an important issue in adaptive or modular robot systems is to
determine an optimal modular robot configuration, based on an underlying architecture,
to meet a given task. The latter process is called modular robot configuration synthesis.
This chapter presents the development of a methodology and its implementation for
performing this process. The architecture used to generate various configurations is the

GAMR, presented in Chapter 3.

This chapter is organized as follows. In Section 5.1, modular robot configuration
synthesis is defined. In Section 5.2, we present the need for concurrent treatment of
design objectives for effective modular system configuration synthesis. This leads to a
new method for modular robot configuration synthesis, called the concurrent optimal
design method. In Section 5.3, the configuration synthesis problem is expressed as an
optimization problem. In Section 5.4, a computational method is described for
implementing the theory and methodology developed in the preceding sections. In
Section 5.5, a design case is illustrated. In Section 5.6, a summary with discussion is

provided.
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5.1 Problem Definition

Modular robot configuration synthesis can be viewed as a mapping from task space to
design space. The task space is a set of task specifications. A task can be specified from
the user-level to the system-level. At the user-level, we may view a task as the
end-effector traveling along a circle with the diameter and center of the circle prescribed;
at the system-level, that same task may be specified by a set of points that fit the circle.
For the present study, the task specification at the system-level is only considered. For
the purpose of demonstrating the theory and the methodology to be presented later, the

following task is considered in the present study:

(1) a set of working points in the world coordinate system,
(ii) a set of payload requirements corresponding to the working points, and
(iii) a set of time spans required to travel between any two working points.

Note that the time requirement above makes it possible to take dynamic constraints into

consideration for modular robot configuration synthesis.

The design space is a set of all feasible configuration variations. The size (the number of
variations) of this set depends on the architecture of modular robot system. In this thesis,
GAMR is chosen to be the architecture, and OIM is used for configurations based on the
GAMR. Variations of modular robot configurations, based on GAMR, and design

variables representing these variations, are discussed in Section 5.3.
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5.2 An Example Revisited

Section 3.5.6 provided an example of a 3-DOF configuration of a modular robot to show
how to define the OIM of a modular robot configuration. This example is revisited for

the purpose of illustrating the method for modular robot configuration synthesis.

As shown in Figure 5.1, the configuration is based on the architecture of the AMTEC
modular robot system. The AMTEC system consists of 12 types of joint modules, 14
types of link modules, and 5 and 7 assembly patterns for the rotary and linear joint
modules, respectively. The link module in the AMTEC system has a fixed kinematic
dimension with a unique assembly pattern. A detailed description of the AMTEC system

is provided in Appendix A.

Adjustable Robotic Location
(Xo.Ya.Zo) 140.05. £0.05. 10.05]

Assemble Patterns
of Linear Joint

Epie[l,z,_“,s

A4 =)
D o Types of Links

CD  Liell2,...14

Joint Modules
Jiell2,, .12]

i
» Types of Gripper
Modules
Gell.2]

Assemble Pattems of
Rotary Joint

Figure 5.1 The construction of a 3 DOF configuration
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The OIM for this example system is as follows:

<«—— Edge >

<jointl> <joint2> < joint3>
(1-DOF) (1-DOF) (1-DOF)

T < base > m(L).c=1 0] ()
% <linkl> [m@Qlec=1 m22)c=1 )
5 <lik2> o m3.2)c=1 mB33)c=1
i < gripper > () ® m(4,3)c =1

The OIM representing the system consists of 3 joint modules, 2 link modules and 1
gripper module. Furthermore, there are six non-null elements within the OIM, which

implies six incidences between links and joints.

The following module variables are defined to determine this 3-DOF configuration:

Ji(i=1,2,3)  types of joints (J; =4, J, =10, J; =4), where i denotes a particular joint
module in an assembly.

L;(i=1,2) types of links (L; =1, L, =2), where i denotes a particular link module in
an assembly.

G : type of gripper (G =1).

JP;(i=1,2,3) :assembly patterns for the joint modules (JP; =5, JP; =2, JP3 =7).

LP;(i=1,2) : assembly patterns for the link modules (LP; =1, LP; =1).

JIP(i=1,2,3) : initial joint position where the relative motion between two parts starts

in a linear joint module.
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The relationships between these module variables and the kinematic and dynamic
variables or parameters of this configuration are shown in Figure 5.2. For example,
module variable J; is associated with the kinematic and dynamic parameters of link 1
and link 2, respectively. It should be noted that the kinematic and dynamic parameters
are defined in terms of the D-H notation. The details of the conversions from these

variables to the D-H parameters were discussed in Chapter 4.

Design variables of a 3-DOF
modular robotic configuration

Rabot assembly

from base to gripper

Kinematic base JP, s Gy Dynamic
constraints 2 = constraints
L ISEKTN Y AR '\
AR
2 0., 00 0:) NEOOOA (. . . 0) QN

A\

. Within the context of the D-H notation

base base of the configuration

J; type of joint i

JP;  assembly pattern of joint /
JIP; initial joint position for joint i
i type of link i

LP;  assembly pattern of link i

G type of gripper

Figure 5.2 Modular variables, and kinematic and dynamic parameters

5.3 An Observation: the Need for Concurrent Design

The following general observations can be obtained from Figure 5.2 for the modular
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@

(ii)

(iii)

(iv)

robot configuration example:

In modular robot configuration synthesis, the module variables represent the physical
construction of a robot configuration, and they are derived from the given modular

robot architecture.

The module variables determine the assembly of a robot configuration and its
kinematic and dynamic behaviors. Both the kinematic and dynamic parameters are
derived from the module variables; in other words, the kinmatic and dynamic
behavior are strongly coupled with the module variables. Once a module is selected,
its effects on all aspects of robot behavior, the kinematic and dynamic behavior, are

known.

If the kinematic design and dynamic design are tackled sequentially, the solution in
the kinematic design can ‘fix’ all module variables for the dynamic design, because
the same set of the module variables is involved for both kinematic design and
dynamic design. This makes it impossible to carry out further optimization for the

dynamic design.

The number of design variables (which are now module variables) is greatly reduced
in comparison with the number of design variables in the case of non-modular robot
system configuration synthesis. Taking the modular robot configuration shown in
Figure 5.1 an example, there are at most 14 module variables. The number of module
variables changes with the selection of module types. For example, if a linear joint
module is brought into the set of possible considerations, a new module variable for
the initial joint position is created. However, for a 3-DOF non-modular robot

configuration (which corresponds to the 3-DOF modular robot, but is represented in
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the D-H notation), there are 39 design variables (3 kinematic and 10 dynamic D-H

parameters for each DOF).

Based on the above observations, if modular robot configuration synthesis starts from
the module variable/parameter level, a simultaneous consideration of all relevant design
goals (kinematic and dynamic) is a necessity. The design model formulated based on
these observations, is called the concurrent optimal design method (CODM) (Bi and
Zhang 2001b). Furthermore, these observations also imply that any synthesis process

that does not start from the module variable/parameter level may not have a solution.

5.4 Optimization Model for Configuration Synthesis

As mentioned earlier, modular robot configuration synthesis is a mapping from the task
space to design space. The key point here is to determine a representation for the
mapping and a process to solve mapping. Optimization is widely recognized as a general
tool for mechanism synthesis (Breteler 1997). An optimization model will be applied to
develop a computational method for modular robot configuration synthesis. Two

primary issues are: the formulation of an optimization model and its solution.

5.4.1 The optimization model

An optimization model consists of specifications of design variables, constraints, and

objectives.
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Design variables

The design variables represent a modular robot configuration. In this thesis, the design
variables are the module variables. The module variables are derived from the OIM.
Indeed, the OIM includes all information regarding configuration variations: (i) at the
robot type level, the number of the non-null matrix elements in the corresponding rows
in the OIM imply the variations of serial, parallel, and hybrid robots; (ii) at the
configuration level, the size of the OIM represents the variations caused due to the
numbers of joint modules and link modules; (iii) at the module level, the assembly
attributes of non-null elements in the OIM represent the variations of the module
assembly patterns; and (iv) at the parameter level, the attributes of the OIM edges in the
OIM represent the variations of local adjustable variables (for example, the initial
position in a linear joint module of the example shown in Figure 5.1 is an adjustable

variable/parameter).

Modular robot configuration synthesis needs a one-to-one mapping between an OIM and
a set of design variables. Because the design synthesis deals with the design variables,
while design analysis starts from the OIM, the set of design variables and the OIM are
uniquely related. As shown in Figure 5.3, the OIM corresponds to a set of attributes;
these attributes are described by design variables. There is a one-to-one correspondence
between the OIM attributes and design variables. For example, in the system of Figure
5.1, the number of joints, which is a module variable, is, the number of columns in the

OIM.
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Figure 5.3 Relationship between OIM and design variables

The domains of some design variables are determined by a given modular robot
architecture. For the example system shown in Figure 5.1, there are 12 joint types for the
AMTEC system. Other variables have domains determined by the size and morphology
of the OIM. For example, the number of joints in a configuration has a domain which
depends on the number of the columns in the OIM. Such domains are inherently large.
Therefore, in the synthesis process, one needs to impose the limits to the domains of
these design variables. For the optimization model, the domains of the design variables

are represented as design constraints.

Design constraints

Design constraints model the task specification. As mentioned earlier, there are three

aspects. The modeling of these aspects with a representation of the constraints is
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presented below.

Constraints for the first task specification

Given a point at task level, say P;, through the inverse kinematics, one can obtain the

corresponding displacements at the joint level, gy (k = index of a joint module).

The design task to make the robot end-effector achieve a desired joint can be modeled

by the following constraint:
o <0, <™ ;.1

where 6" and 6" are the joint limits.

Constraints for the second task specification

Given the payload at the task space for a point (P), say Fj, one can obtain the
corresponding forces/torque on the joint modules, say fi. The design task to make the
robot end-effector subject to the described payload can be modeled by the following

constraints:
el < /i (5.2)

where f,™ is the maximum force/torque a joint module can generate.

Constraints for the third task specification
Given the time span between any two neighboring points (i, j) at the task level #; (two
points P; and P, or 8 and Gy), a path planning method can be applied to obtain a curve

along which the robot end-effector travels from P; to P; or joint k travels from Gy to Gy
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In this thesis, we selected a path planning method in the Matlab Toolbox for Robotics
based on a fifth order polynomial. After the detailed curve is formed, the time span #; is
divided into m time segments; for joint module %, a series of joint displacements, joint

velocities, and joint accelerations can be obtained:
8,,6:, .0, (displacements)
6),62,--,0" (velocities)
6),62,---,6" (accelerations)
In addition, one should apply the inverse dynamic analysis to obtain forces/torques on
joint module k, corresponding to these interpolated points 8;,6;,--,0; , ie.,

FasSas s fa . Therefore, the design task to make the robot end-effector travel from P;

I 1

and P; with time #; can then be modeled by the following constraints:

0" <6,,05,,0; <O (5.3)
07" <6,,0;, .05 <O (5.4)
’/’,-;!]Sﬂ“‘“* j=12-m (5.5)

where ;™" and 6™ are limits of the velocity in joint £.

Other constraints

One of the most important constraints in robot configuration synthesis is absence of
singularities for any design. This constraint can be modeled by examining the Jacobian
matrices of the working points at the task-level. In particular, at the working points or
any points between the working points (obtained through the path planning), their

respective Jacobian matrices should be free of singularities:
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IA(J(QH,@Q:“')' J'(gn,giz" ) )J 2& (5.6)

1

where

J(gﬂ 8, ) is the Jocobian matrix corresponding to the inverse kinematics of P;,

A is the determinant of the matrix,

€ is a small positive number.

Design objectives

The main objective is to find a set of feasible solutions that meet all design constraints.
To improve the design solution, an index of energy consumption is introduced, which is
similar to the index of power consumption used by Paredis (1994). The motivation is
that when a modular robot system is employed, the major cost associated with the

configuration is the energy expended in operation. This index is calculated as follows:

E= [Y] o), 57

Tra =1

where
n: number of the joint axes of a robot configuration
E: total energy consumption along the trajectory of the task
Tra: space consisting of all of working points along the trajectory
7(0): torque executed on motion axis i
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5.4.2 General strategies for solving the optimization problem

When the concurrent optimal design method (CODM) is applied for modular robot
configuration synthesis, which was elaborated as a necessity, the dimension of the
optimization problem could be large, thereby, challenging computational effectiveness.

One solution to this problem is to decompose the design space.

There is another important reason for decomposing the design space. When the
configuration synthesis is employed at the modular parameter level, the design variables
are considerably heterogeneous in the sense that some variables represent types of a
system (type-related variables), and other variables represent parameters of a single
attribute (attribute-related variables). The updating of the type-related variables may
require a change in variable topology (i.e., number, type, and domain of the variables).
For example, introducing a linear joint module will require the introducing of one new

variable for the initial position of that linear joint module.

This thesis proposes a three-loop decomposition of the design space, as shown in Figure
5.4. In loop 1, the design space is described in terms of the definition of the OIM. The
design variables in this loop include: the number of joints, the number of links, and the
connectivity between the joints and the links. In loop 2, the design variables include:
joints types and link types, in conformity with loop 1. For example, the system shown in
Figure 5.1 has three joints; each joint can be one of 12 types. In loop 3, the design
variables include those adjustable parameters on each of the modules (attributes of the
vertex in the OIM), and on each connection between modules (attributes of non-null
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elements).

55 6 .
by @ S .
aafca

é
optimal?

solution

Q : Variations due to different sizes of the OIM
<:> : Variations due to different types of vertices and edges of the OIM

D : Variations due to different assembly patterns, adjustable parameters and
location of the base platform

Figure 5.4 Decomposition of the design space

In Figure 5.4, the three-loop decomposition is within the same synthesis process; it does
not imply that sequential optimization has been employed. Because each loop
determines only a part of design variables for an entire configuration candidate, the
system kinematic and dynamic behaviors of the entire configuration could not be
analyzed until the design variables of all three loops are obtained. Concurrent analysis of

design variables, constraints, and objectives, is finally performed in loop 3.
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5.5 Implementation by Genetic Algorithm (GA)

A computational method was developed in the Matlab environment for modular robot
configuration synthesis, including a strategy for decomposing the design space. The
Matlab Robotic Toolboxes (Corke 1996) and the GA Toolbox (Chipperfield et al. 1994),
were used. The program was for the GAMR, though the AMTEC system was used as a
case study. The resulting program is called the Adaptive Robot Configuration Synthesis

(ARCS).

In ARCS, a Genetic Algorithm (GA) was used because it is capable of handling an
optimization problem with continuous and discrete variables and it does not need the

derivatives of the objective function.

GA uses a fixed length binary string (chromosomes) to represent a design variable. A
design solution (spanned by a set of design variables) is represented by a string that
merges all variable strings. For the convenience, the variable string is called in the
following discussion the sub-string. The arrangement of sub-strings within an entire
string reflects the topology of a set of design variables. For example, the order of
sub-strings could represent the sequential module connections. However, the means to
represent a topology of variables based on the sequential ordering of sub-strings is not
sufficient to ensure a solution, especially for complex problems. Therefore, rules are
needed to arrange sub-strings into a solution string. Figure 5.5 shows how to arrange
sub-strings within a solution in the ARCS program. In loop 2, the design variables

represent options of the edges and vertices of the OIM, see Figure 5.5a. In particular, the
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sub-strings for the variables corresponding to edge 1 to edge », (where r, is the total
number of the columns in the OIM) are first arranged within a solution string; the
sub-strings for the variables corresponding vertex 1 to vertex n, (where n, is the total
number of the rows in the OIM) follow. In loop 3, the design variables represent (i) the
base location parameters, (ii) the assembly patterns, (iii) modular adjustable parameters.

Their sub-strings are arranged, respectively, as shown in Figure 5.5 b.

~ NEN® =
- L A XX eee® |[x
e 8 55 £
m|m [ [>> >
Edges types ertex types
(a) In loop 2
) i
—— NI —| N N
212 212 |55 5
oee "g "g ®e o "g -g B <5 [ N N ] B‘
o ¢ O @ El E £
9 9 ol ol |8 3 S
<[>|N < < << |l A
ase parameters ssembly types Module parameters
(b) In loop 3

Figure 5.5 From design variables to GA strings

In ARCS, the objective function, eq. (5.7), was used as an evaluation function in the GA.
Since the GA evaluates the solution that achieves the maximum function as the best
solution, minus sign is put before the objective function described in eq. (5.7). For a
candidate solution that does not meet the constraints, its evaluation function will be

given a larger negative value to disqualify this candidate.
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5.6 Case Study

The task specification is listed in Table 5.1. From Table 5.1, the end-effector is required
to pass through the pre-defined points, and at each point, the robot has to stop and
perform some operations. This means that the velocity and acceleration are required to
be zero at each working point. The time elapsed between two neighboring working
points is 1 second. The working load on each working point is the sum of the weights of

the gripper module and the work piece.

Table 5.1 Task specification

No. Position (m) Time between points (sec)
1 (0.12, 0.0, 0.0)
2 (0.12, 0.0, 0.12) 1
3 (0.0649, 0.0649, 0.12) 1
4 (0,0.12, 0.12) 1
5 (0,0.12, 0) 1

Suppose that the user requires a 3-DOF robot for this task. This implies that the design
synthesis in the first loop is completed. Therefore, only the synthesis for loop 2 and 3 are
considered. The configuration of the system in loop 1 was shown in Figure 5.1, and its

OIM was also given in Section 5.2.

The design variables in loop 2 (6 in total) include: (i) 3 variables for joint types, (ii) 2
variables for link types, and (iii) 1 variable for gripper type. The design variables in loop
3 include: (i) 3 variables for the location of the base, (ii) 3 variables for assembly
patterns, and (iii) O - 3 variables for adjustable parameters if there is any linear joint

module type chosen by the variables for joint types. It is noted that the link modules of

the AMTEC system have only two ports; therefore, there is only one assembly pattern of
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link modules, which requires no variable.

For implementation, 107 is the resolution of the design variables, i.e., the minimal
change that can be made for the design variables. The initial population is 100, and the
number of population in each generation is also 100. The termination condition for the
GA program is 100 generations. More detailed information regarding the information for

the case study can be found in Appendix C.
The first generation only created one feasible solution, see Appendix C, as shown in
Figure 5.6. Figure 5.6 shows the configuration of a feasible solution (1). Detailed

specifications about joint and link modules in the assembly appear in Appendix A.

Feasible solution (1)

e

Base: (0.0443,-0.01966,0.0336)

Fitness= - 46.4797

Figure 5.6 Feasible solution (1) consisting of 3 rotary modules
(fitness= - 46.4797)
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A feature of the system topology is that all three joints are rotary. With this topology,

further GA search results in an optimal solution, which is shown in Figure 5.7:

Feasible solution (2)

L= Lo=1 =
EE=1 LP= 1
/ L=17
L=1
L=4

Y X
Base: (-0.05.-0.05,-0.05) A=
Z

Fitness=-11.0039

Figure 5.7 Feasible solution (2) consisting of 3 rotary modules
(fitness= - 11.0039)

Figure 5.8 shows the evolution process, where, after 30 generations, the solution has
converged. The same phenomenon can be observed when the design variables are

normalized to [0,1] using (X-Xmin) / (Xmax-Xmin) @s shown in Figure 5.9.
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Figure 5.9 Optimal design variables (normalized)

The ARCS program will further turn to the situation where in loop 2 there is one linear

joint module among three joint modules. For this situation, the number of design
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variables is changed from 12 to 13, where the additional variable represents the initial

position of a linear joint module. There was no solution found for this situation. The

ARCS program considers the situation where two joint modules are linear, and there are

14 variables (two new variables for the initial positions of two linear joint modules,

respectively). A feasible solution was found for this situation, and as shown in Figure

5.10:

Feasible solution (3)

L=1LP=1

JIP, = 0.004

JPl=3

| ¥ 3
§ - g
L=7
Jpy=0.013 Y1
X
Y

Base (0.02581, 0.0400, -0.0016)

Fitness=- 43.89332

Figure 5.10 Feasible solution (3) consisting of one rotary module and two linear
modules (fitness= - 43.89332)

After finishing the iterations, an optimal solution for this situation was determined as

shown in Figure 5.11.

111



Feasible solution (4)

L=1LLP=1

f—2

m

.g =4

JIP, = 0.001
JP[ =5
J; =7
J3=7

Base (-0.05, 0.0228, -0.0176)
Fitness=-15.9761

Figure 5.11 Feasible solution (4) consisting of one rotary module and two linear
modules (fitness= - 15.9761)

Any further trials to update the design variables in loop 2 did not result in feasible
solutions; i.e., no feasible solution can be found with one linear joint module or three
linear joint modules for this system. Finally, the synthesis concluded that the optimal
solution for this situation is a feasible solution (2). To give an example, Figure 5.12

shows the simulation of the final optimal solution for this task.
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Figure 5.11 Graphical simulation of an optimal configuration

5.7 Summary and Discussion

This chapter concerns the formulation of a

113

model and computer program for the
task-oriented design of modular robot configurations. The main goal is to develop a
general approach to simultaneously perform both type synthesis and dimension
synthesis. The generality has been achieved using the GAMR and the OIM. We
conclude that a modular robot configuration synthesis should define the design variables
at the module level, and a concurrent design with consideration of all task requirements
is needed in order to achieve the global solution to the synthesis problem. Another

advancement made here is that the proposed formulation of the synthesis problem



enables type synthesis, number synthesis and dimension synthesis simultaneously, which
is a long-standing challenge in mechanism synthesis. There is another general
observation regarding the optimization problem formulation. The problem topology, in
particular the number and types of design variables in an optimization problem for
modular robot configuration synthesis, may change with the iterations when type
synthesis and dimension synthesis co-exist in one formulation. This research describes
the classification of the design variables semantically in the case of modular robot
configuration synthesis, which is an important step towards parallel computation

processing of this complex optimization problem.

Closely related studies were published by Yang (1999) and Leger (1999). The
simultaneous type synthesis and dimension synthesis were presented in Yang (1999), but
he does not provide a general method at the problem formulation level. He considered
defining virtual design variables that will accommodate new variables during the
iterations, which has the limitations, due to the management of virtual variables when
variables are produced and removed, and estimation of the dimension of the virtual
space. He only considered the production (not removal) of new variables due to an

increase of the number of joints and links, the size of the OIM.

The study presented by Leger (1999), with respect to configuration synthesis, can only
be regarded as dimension synthesis. When the user selects a robot configuration type,
the program determines a set of parameters to make the robot of a chosen type achieve
the best performance against the desired tasks specified. When applied to modular robot

configuration synthesis, he used a representation of configurations, called PMCG. There
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are two difficulties associated with the content of PMCG. First, the parameters in the
context of PMCG do not represent the information at the module level; therefore, when
the solution is found at the PMCG level, a further process that tries to map the
parameters at the PMCG level may not find a solution at the module level. Second, there
is a possibility of losing optimal solutions at the module level, because the PMCG is an
abstraction (to a certain degree) of a representation at the module level. Thus
formulating a configuration synthesis problem at the PMCG level may impose

constraints to the design space at the module level.
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Chapter 6

Design of an Adaptive Parallel Robot
System — A Case Study

The GAMR was developed in this thesis study (Chapter 3) to increase system
adaptability. The main argument underlying the GAMR is that system adaptability can
be achieved by adaptive system components (adaptive variables) and/or by modular
system architecture (modular variables). One of the uses of the GAMR is that it can
serve as a reference model for developing more specific architectures of adaptive
systems in the context of specific applications, where other design criteria such as cost,
accuracy, load, and mechatronic implementations, may need to be considered. In
Chapter 5, an example was taken to demonstrate how the location of the base platform
contributed to the fulfillment of the task. While this is indeed a good example to
illustrate a contribution,from both the modular system concept and the adjustable
component concept to increasing system adaptability, the emphasis was more on
modular systems. In this chapter, the integration of adaptive variables within a modular
Parallel Kinematic Machine (PKM) architecture is addressed with a special emphasis on
illustrating the effects of these adjustable parameters to system adaptability in the

context of PKM systems.

This chapter is organized as follows. Section 6.1 introduces the PKM system and the
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corresponding adjustable platform. Section 6.2 and Section 6.3 discuss the effect of the

adjustable platform to system adaptability in terms of performance indices. Section 6.4

discusses related work in the PKM architecture and the PKM with redundancy to

kighlight the novelty of the adjustable platform concept. Section 6.5 gives a summary

and conclusions.

6.1 The Adjustable Platform

The main characteristics of the architecture of PKMs can be summarized as follows

(Tsai 1999, Cerantes-Sanchez and Remdon-Sanchiea 1999):

@

(i)

(iif)

(iv)

)

There is a moving platform that is connected to a fixed base by several
symmetrical limbs. The moving platform is used as an end-effector.

The number of limbs should be equal to the number of DOF in such a way that
only one actuated joint is required for each limb; no actuator has to carry the
weight of another, and the load on the moving platform can be shared by all
actuators.

The actuators are mounted on or near the fixed base. This implies that there is a
base-connected rotary or linear joint in each limb, or linear joint, which is
adjacent to a base-connected joint.

Linear joints must be active because passive linear joints tend to introduce
considerable friction, and thus degrade system performance in terms of accuracy.
Connection points between the limbs and the platform are symmetrically

arranged.

117



Adjustable platforms must be designed to conform to the desired characteristic of the
PKM system. The three methods are proposed to change the connection points on the
platform: (i) change the longitude distributions of the connection ports on the platform,
(ii) change the latitude distributions of the connection ports on the platform, and (iii)

change the assembly directions of the connection ports on the platform, see Figure 6.1.

Figure 6.1 Methods to change platform dimensions

Four structures of platforms can implement these methods, see Figure 6.2a, b, ¢ and d.
Both Structure I and Structure II implement the first method. Furthermore, Structure II
also allows the changes of the locations of the connection ports in a uniform proportion
in such a way that the characteristics of symmetric layout of PKM are maintained.
Structure III implements the second method, and Structure IV implements the third

method.
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(b) Structure II

(¢ ) Structure III (d) Structure IV

Figure 6.2 4 Structure types of the adaptive platform

6.2 Case Study: Adjustable Platform Structure | (Off-Line)

To demonstrate the enhancement of system adaptability with an adjustable platform, an
analysis is given for a Stewart platform robot with an adjustable platform of Structure I.
In particular, the system adaptability to translation workspace and system stiffness will

be discussed.
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6.2.1 The Stewart platform robot with the off-line adjustable platform

A general structure of the Stewart platform robot is shown in Figure 6.3a. The robot
consists of a fixed platform and an end-effector platform, with six limbs connected
between the two platforms. The connection between the limbs and the base platform is a
universal joint (U-joint), and that between the limb and the end-effector platform is a
spherical joint (S-joint). The connection ports are denoted by b; and e; (i=1,2,...,6),

respectively.

Ujoint

(a) General structure (b) Case structure

Figure 6.3 Stewart platform structure

The definition of geometric parameters of the case structure is shown in Figure 6.3b. The
system has the following features. First, the connections between the limbs and the
platforms are distributed on a circle with radius dj on the base platform and a circle with
radius d, on the end-effector platform. Second, each pair of connections is shared at the
same location, on the end-effector platform and on the base platform, see Figure 6.3b.

These locations are evenly distributed at a longitude direction. As a result, one angular
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parameter is sufficient to express each location (¢; for the base platform and f; for the
end-effector platform). Third, all the limbs have an active linear actuator and connect
with platforms with a U and S joint; they also share an actuator (on-line) at the
adjustable platform to change the distribution in the latitudinal direction. The

dimensions of the system are given as follows:

Radius of the end-effector platform for connections  d,= 1.0 inch

Radius of the base platform for connections dy=1.0-4.0 inch
Binary limbs 5;=2.5-5.0inch(i=12,...,6)
Connections between the limbs with the base a;=ay=-76
platform in the longitudinal direction a;=a,= 2
as = g = 776
Connections between the limbs with the end-effector g, = ;= -2/2
platform in the longitudinal direction Bo= ;= nl6
Bi=Ps=576

6.2.2 Kinematics

Suppose that the world coordinate system is coincident with the local coordinate system
on the base platform. The orientation of the end-effector is defined by (6., w., ¢.)

through the following procedure (Carretero et al., 2000):

@) rotation of angle &, about the initial Y-direction,
(i)  rotation of angle y, about the initial X-direction, and

(iii)  rotation of angle ¢, about the initial Z-direction.

The displacement of the end-effector is defined by (x., ye, z.). The expression of the

end-effector in the world coordinates is as follows (Carretero et al., 2000):
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0 0 0
The connections are expressed in the world coordinate system as:
b, =(d, cose,,d, sina,,0) i=12--6 (6.2)

The connections between the limb and the end-effector platform are expressed in the

local coordinate system, which are attached to the end-effector:

“e, =(d,cos B,,d,sin §,,0) i=12,--6 (6.3)

Using egs. (6.1) and (6.2) gives:

d.cp,(cO.ch, + sy 36,58,)+d.sp,(-cO,58, +sv.56.c4,)+x,
e =T, ‘¢ = d.cfcy,sg, +d,spcy,cd, + v, i=12,---6

dccﬁi (_ sé?cc;éc + S'//ecges¢c)+ desﬂi (sges¢e + Svleceec¢e ) + Zc

For each limb,

1P =le,=b,|° i=12,-.6 (6.5)
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which implies

1> =(d,cp,(cO,co, + sw,s0,s¢,)+d,sp,(-cO,s¢, +sw,s6,cd,)+x, —d, cosa, )
+ (decﬁiCWus¢c + desﬁicvlec¢e + ye - db Sin ai’ )Z
+(dicB (- 50.09. +5v.c0,59,)+ d 5P, (50,5, +sy.cO.08.)+z)  (i=12--6)

(6.6)

Eq. (6.6) governs the kinematic behaviors, and also assists in determining the Jacobian

matrix:

d(1l)=J, d(x) (6.7)
where
= (ll’lz "‘ls)T

Xz(xc’ye’ze’gc’We’¢e)

J(L l) = g}l‘_ = (dccﬂi (caec¢u + SWUSHcS¢‘,)+ dcsﬁi (— cges¢u + SI//L,SQL,C¢L,)+ 'xe - dh cos ai)/li

4

ol.
J@=7= [d.chev.sp. +d.sPev.ed, +y, —d,sina,)/1,

¢

JGi) = 2= (AP -58.cd. + 57,0058+ dsBlsOish. +sy.c04)+ )
~_ Ol
J(471) = 6_9’- = (decﬁi (cgcc¢c + S!//csees¢e)+ desﬂi (— cees¢e + Sl//esecc¢e )+ xc - db cosai )

¢

(dr:cﬂf (— Saec¢c +5 l//ccges¢c ) + dcsﬂi (Sgcs¢e +s v/ecaec¢c ))/lr

+ (dccﬂi (_ S0L,6‘¢L, + SV/ECG‘,S¢H)+ desﬂi (Secs¢c + SV/ccgec¢u)+ Zc)

(d.ch,(-cO.co, -sv.56,58,)+d.sB,(cO.5¢, ~sv.50.c4,))/],

J(S’ l) = aall = (dt‘cﬂi (Cgec¢c + su/csgcs¢e)+ desﬂi (— cgc‘s¢c + s!//eset‘c¢f) + x" - db cos ai)
v

c

(d,cp, (cB.co, + cy,s0,s¢,)+d,sp, (—c96s¢e +cy,s6,co, ))/l,

~d.cPev.s. +dspev.cs, +y, ~d,sina,Nd,cfsv.sp, +d,sBsv.ch,)]
+(d,cB,(- 50,09, +sp.c0,54,)+d,sp,(s0.58, +sy.cO.c,)+2.)

(d,cp,(- s0.ch, + cy,cO,54,)+d,sp,(s0.s¢, +cy,cO,.co,))/l,

123



J(6,i) = % = (d,cB(cO.ch. +5y.50,50.)+d 5B, (~cO,58, +sv,50,c4,)+x, —d, cosat,)

¢

(decﬂi(_cges¢e + SWesgec¢c)—deSﬂi(cgec¢e +s¥’esees¢e))/li
+(decﬂiCWeS¢e +desﬂic'//ec¢e +ye _dh Sinai Xdecﬁic‘//ec¢e —desﬂicWes¢e )/l/

+ (decﬂi (_ seec¢e + Sl//ccges¢e )+ desﬂi (Sges¢e + SWeCHeC¢e)+ ze)
(declBi (Sges¢e +SWeceec¢e)+des:Bi(Sgec¢e -SWecges¢e ))/ll

The system stiffness at a working point can be calculated from the Jacobian matrix

(Gosselin 1990, Tsai 1999). Suppose that the limbs are considered as a flexible truss, and

they all have the same cross sectional area. The stiffness matrix is (Gosselin 1990):
K = (J)" diag(C)J (6.8)
where C, =k,/l;, [;isthe length of the limbs, and %; is the stiffness of the limbs.

Assume that all limbs have the same stiffness (k; = k; = k3 = ks = ks = ks = k); the

stiffness matrix becomes:
K=k/"J (6.9)

Without loss of generality, assume k =1. The stiffness index at a working point is

measured by the ratio of the smallest eigenvalue to the largest (Gosselin 1990),

stiffness index = Ain. (6.10)

max
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where A, and Ane are the smallest and largest eigenvalues of the stiffness matrix,

respectively.

6.2.3 Performance analysis

The translation workspace and the system stiffness were chosen for performance
evaluation. The translation workspace is defined as a set of locations that a moving
platform can reach when its orientation is fixed (Merlet 2000). For Structure I, the
variation of the platform is made through d, see Figure 6.3b. The following indices are
examined for the translation workspace, see Figure 6.4, i.e.,

(1) Volume of the translation workspace: V,,
(i)  Average stiffness on the translation workspace: S,

(iii)  Geometrical center of the translation workspace: (x., V¢, Zc)
(iv)  Coordinate ranges of the translation workspace: (Xmins Xmax)s (Ymins Ymax) and (Zmin,

Z max)

(Xp» Ve Ve)

Figure 6.4 Indices to compare the translation workspace
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In this example, the fixed orientation is assumed to be:

(ee’We’¢e)= [%’E’EJ

The results of the calculation for the latter four indices versus dj are shown in Figure
6.5a, b, ¢, d. The program developed by Bi et al. (1994) was employed for the
calculation. Figure 6.6 also shows the cross-section shapes of the translation workspace

when z, = 2.5, 3.0, and 3.5.

From Figure 6.5a and Figure 6.5b, the smaller platform (with smaller d;) will result in
the larger volume of translation workspace, but smaller system stiffness. The change of
the shape of the translation workspace due to the variation of the platform is also

significant, as implied from Figure 6.5b, c, d, and Figure 6.6.

6.3 Case Study: Adjustable Platform Structure | (On-Line)

The platform dimension is changed on-line. In this case, dj should be treated as a joint
variable because it is shared by all limbs. The structure of the system leads to the

kinematic redundancy.
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Figure 6.5 Indices of translation workspace vs. dj
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Figure 6.6 Cross-section shapes of translation workspaces
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6.3.1 Kinematic equation and translation workspace

Egs. (6.1) and (6.2) apply to this situation by observing that dj is now a joint variable.

Derivation of eq. (6.1) with respect to time yields:
[ ~ Je
d[ ] = Jod(x)= (Jﬁ ° ]d(x) (6.11)

where J,, is the Jacobian matrix for the Stewart robot with an on-line adjustable

platform. J, is calculated by:

h od,
=cosq, (decﬂ,. (c&ecgbd + swes03s¢e)+ d,sp, (— cl,s¢, + S%S‘gecﬁ,)"‘ x, —d, cosq, )/l,.
_sing,(d.cBey.sh, +d.spew.ch +y, —d,sina,)/l, (i=12--6)

(6.12)
For the purpose of comparison, we calculated the total volume of a workspace by
specifying the same orientation of translation workspace as that for the off-line

adjustable platform, resulting in:

v, = 56.505 in®

n
@%m%?

RN

)
"4

From Figure 6.5a, we obtain the maximum volume by 42.074 in’ when d=1.0.
Therefore, with an on-line adjustable platform, i.e., introducing a redundant actuator on
the platform, the workspace volume is considerably increased. Furthermore, one can

calculate the workspace shape for different z,, see Figure 6.7.
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Figure 6.7 Cross-section shapes of translation workspace
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By comparing Figure 6.7 with Figure 6.6, there is a considerable difference in the

translation workspaces.

6.3.2 Impact on system stiffness by the on-line adjustable platform

An example is shown that the on-line adjustable platform could improve the robot
stiffness along a trajectory. The system stiffness at a working point depends largely on
the robot configuration. This makes it possible for an adjustable platform to improve the
robot system stiffness by changing the robot configuration. Eq. (6.9) is extended to

evaluate the system stiffness at working points of the Stewart robot, i.e.,

K=k(7) T (6.13)
Although the linear joint at the adjustable platform could be made much stiffer than
those at the limbs, we set the spring constant k4, =1 in order to be comparable with the

off-line adjustable platform. Consider a trajectory between the points:

xoz(xL,:—l.O, v, =13, z,=275, 6,=0, z//L,:%, ¢e=—’5J
xl‘:(xe=0’ ye=],3, Ze=2.75, HL,:%, We=%9 ¢e=—]

The trajectory is planned by x, + —;—(x1 - xo), where T is the total time moving from x,

to x;, and ¢ is a specific time along the trajectory. The optimizations are carried out to
achieve the maximum stiffness along the trajectory for (i) the Stewart robot with an
off-line adjustable platform, and (ii) the Stewart robot with an on-line adjustable

platform.
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Figure 6.8 shows the results of the system stiffness for both the off-line adjustable
plateform (Figure 6.8a) and the on-line adjustable platform (Figure 6.8b). The best
stiffness index along the trajectory is obtained when dj = 1.72 for the Stewart robot with
an off-line adjustable platform, and the average stiffness index along with the trajectory
is 0.000866. The Stewart robot with the on-line adjustable platform could obtain much a

better stiffness index along the trajectory, see Figure 6.8b. The average stiffness index is

0.011010.

? 0.002
0.0018 &-
0.0016 -
0.0014 |
0.0012 - ~'
0.001 {—
0.0008 {—
0.0006 }—
0.0004 |
0.0002 |

Stiffness Index

t (second)

(a) off-line adjustable platform

Stiffness Index

t (second)

(b) On-line adjustable platform

Figure 6.8 System stiffness index of the Stewart robots
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The Stewart robot with the on-line adjustable platform is illustrated in Figure 6.9.

Figure 6.9 Stewart robot with an on-line adjustable platform

6.3.3 Effect of actuation platform on end-effector motion

The Stewart robot with an on-line adjustable platform has actuated joints on the limbs
and an actuated joint on the platform. The effect of actuator on the platform to the
motion of the end-effector is examined. To examine this effect: (i) the measurement of
the effect is derived from the relationships between the velocity of the joints and the
velocity of the end-effector, and (ii) the effects of the limb joints are regarded as a

reference.

As shown in eq. (6.11), the Jacobian matrix completely determines the relationships
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between the velocities of the joints and the velocities of the end-effector. Figure 6.10
shows the relationship between the joint motions and the end-effector motions and the
corresponding items of the Jacobian matrix. From Figure 6.10, the elements in the
Jacobian matrix are the gains of the joint velocities (input) contributing to the velocities

of the end-effector (output). One can view the elements of the Jacobian matrix, which

relate /, to the velocities of limb J;, as the components of a gain vector M(/;), and the

elements of the Jacobian matrix, which relate d, to the velocities of the platform

motion, as the components of gain vector M(d;). The magnitudes of the two vectors

describe the contributions from the actuations of the limbs (/,) and the redundant

actuation on the platform (d,, ). The two measures based on the gain vectors are

therefore:
iz v
M(li)= . ((19]))
/=l 3 (6.14)
=6, R
M(d,)= |3 (7))
J= ]
where
M(l,.) : Measure of the effect of the limb actuation i to the
end-effector velocity,
M (dh) : Measure of the effect of the platform redundant actuation to
the end-effector velocity,
J(@, /) : Elements of the Jacobian matrix when the redundant

(i=1:-7/=1:-6) actuation on the platform is included into the joint actuation

space, and determined by eqgs. (6.7) and (6.12)
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These effects are functions of the joint variables /; and dj, which are related to the

position and orientation of the end-effector.

Xe

)
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RN

—n /s +

ji\ ‘7-6 ’; + ¢,.

.............

Figure 6.10 Block diagram of the Jacobian matrix

Figure 6.11 shows the results of the calculation of M(/,) and M(d,). The effect of the

redundant actuator on the velocities of the end-effector is the same order of magnitude as
the effects of the limb actuators. It should be noted that the relationships between the
velocities of joints and that of the end-effector also reflect the effects of joint motion
errors to the motion error of end-effector; the above result implies that the error of the
platform motion will not be accumulated, although the platform joint is shared by all of

limbs.
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Figure 6.11 Gain vector measures along a trajectory

6.4 Related Research

The PKM architectures consist of a set of symmetrical limbs, and two platforms where a
moving platform is the end-effector and a fixed platform is the base. About 100 possible
architectures have been proposed for PKM with 2-6 DOFs (Merlet 2000), while some
architectural variations are distinguished by different connection locations between the
limbs and platforms. The dimensions of the limbs and the connection locations between
the limbs and the platforms play an important role in determining PKM performance. Ji
and Song (1996 and 1998) studied the PKM performance with respect to the location
between the limb and the base platform; the results encouraged him to develop a
re-configurable parallel robot system. Similar studies were carried out by Merlet (1999),
and concluded that a mechanical architecture which might seem to be more appropriate
for a given task and whose dimensions have been chosen arbitrarily will perform more
poorly than another mechanical architecture whose dimensions have been carefully

selected. The conclusion developed by Merlet (1999), however, does not necessarily
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lead to the concept of an adjustable platform.

By making the platform adjustable, in particular on-line adjustable, redundancy is added
to the PKM. However, the redundant PKM here differs from previous studies on
redundant robots both from their purpose and content. Merlet (1996) classified
redundant parallel manipulators based on the purposes of the redundancies: (i) solving of
forward kinematics, (ii) avoidance of singularity and obstacle, (iii) improvement of force
control, and (iv) facilitating of kinematic calibration. Nair (1994) proposed a procedure
to obtain a simple forward kinematics by introducing sensors to simplify control
algorithm implementation. A study on avoiding singularities by extra actuators was
conducted by Nakamura (1991). Liu et al. (2001) proposed the following three methods
based on redundancy to eliminate singularities, (i) kinematic redundancy: substitute one
of the serial limbs by a parallel limb with more DOFs, (ii) over-constrained method:
increase the number of serial limbs, and (iii) over-actuation method: increase the number
of actuators. The first method results in a redundant hybrid robot, which loses benefits of
PKMs such as geometric symmetry. The other methods have no significant effects on
system adaptability because they change neither the geometry of the original limbs nor
the nature of their kinematics. Wang et al. (2000) presented a kinematically-redundant
manipulator called ParaDex; it is a fully 6-DOF parallel structure with curved passive
links integrating a redundant DOF at the end-effector platform. This was a specific
design in which the redundancy of PKM could significantly increase the orientation

workspace.
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6.5 Summary and Conclusions

Based on the adaptive system concept, a novel design idea of an adjustable platform for
PKM has been proposed. This idea has been realized on a Stewart parallel robot system.
Four feasible structures were proposed to implement the adjustable platform, and, in
particular, all the limbs symmetrically share the adjustable mechanism on the platform.
This arrangement is preferable for static or dynamic balancing of the PKM. It was
shown that the platform dimensions have a significant effect on the workspace and the
system stiffness over the working trajectories. The adjustable platform can work either
on-line or off-line. The on-line adjustable platform introduces redundancy into the
system to provide greater system adaptability in terms of translation workspace and
system stiffness, and the quality of motion transfer. A very important conclusion is that
system adaptability could also be significantly enhanced by introducing adjustable

components and parameters.
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Chapter 7

Summary, Conclusions, and Future Work

7.1 Summary

The motivation of this thesis research is based on an emerging concern in manufacturing
that system adaptability is the most important factor for the manufacturing systems; yet
there is insufficient development in both theory and methodology for adaptive systems.
Previous research was found to move along two separate directions to achieve system
adaptability: (i) flexible system concept and (ii) modular system concept. Previous
research on modular manufacturing systems, concerning mostly to modular robot
systems, only considers item (ii). This thesis married these under the same umbrella,
system adaptability enhancement. In particular, this thesis took a general approach of

adding adjustable components/parameters to the system modular architecture.

The thesis addressed the following issues: (i) general architecture for modular robot
systems incorporating adjustable parameters, (ii) automatic modeling of modular robot
configurations, (iii) modular robot configuration synthesis, and (iv) integration of

adjustable platforms into modular PKM architecture as a case study.
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A literature review was conducted to show the significance of addressing these issues.
This has led to the development of a general architecture of modular robots, which is a
foundation for modular robot configurations. Modular robot configurations are a time
varying motion system. Therefore, kinematic and dynamic analysis, in particular the
computer-aided generation of kinematic and dynamic behavior, was studied. This study
led to the implementation of a computational method to perform this task. Modular robot
configuration synthesis was modeled as an optimization problem. This problem is very
complex in terms of the dimension of the variables and the presence of both continuous
and discrete variables. An optimization based on a Genetic Algorithm (GA) was applied.
It was also observed that the optimization problem, in the context of modular robot
configuration synthesis, is such that the problem topology (the number and types of
variables) could change with the solution process. A strategy to cope with such a
situation was developed. Finally, the benefit of the adaptive system concept was further
shown by designing a modular PKM system with an adjustable platform. We
demonstrated how the adjustable platform affects the translation workspace and the

system stiffness.

7.2 Conclusions

In general, the research documented in this thesis has demonstrated that the research
objectives set out in chapter 1 can be achieved. A more detailed elaboration on this

general statement is given as follows:

(i) Regarding objective 1, a general conceptual architecture of modular robots (GAMR)
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(i)

with added adjustable parameters is a foundation for adaptive systems. This architecture
has the most extensive coverage of features among previously published architectures.
The significance of the GAMR is that: (i) it provides a benchmark to evaluate system
adaptability of modular robot systems, and (ii) GAMR-based modular robot
configuration synthesis could be applied to any specific modular robot system. A new
representation of modular robot configurations, called the Object Incidence Matrix
(OIM), was developed. In comparison with a similar matrix developed by Chen (1994),

the OIM contains a richer semantics of adaptive robot systems.

Regarding objective 2, a systematic approach was developed for the automatic
kinematic and dynamic modeling of modular robot configurations. The approach
follows an indirect strategy whereby a kinematically independent representation of
configurations of a modular robot is first converted into a kinematically dependent
representation and then kinematically dependent representation is applied for
calculating the kinematic and dynamic behaviors. In comparison with previous research,
the approach developed in this thesis has included dynamic modeling. The approach is
applicable to adaptive robot systems with all module types that were published in the

literature, including modules with adjustable parameters.

(iii) Regarding objective 3, a new observation was made for modular system configuration

synthesis. There is a necessity to consider design goals (kinematic and dynamic)
concurrently. We concluded that the optimization problem model for modular robot
configuration synthesis could create a situation where the number and types of variables
are changing during the iteration process for optimal solutions when both type synthesis

and dimension synthesis are considered. A strategy was proposed to cope with this

141




problem by designing three-loop operations based on the three levels of information in
the OIM representation. This strategy is more flexible and efficient in comparison with
that reported by Yang (1999), in which the basic idea is to set ‘extra’ variables for
possible new variables produced during the iteration process and these extra variables

are given default values when they are not needed.

(iv) Regarding objective 4, it can be concluded that the architecture that adds the adjustable
parameters on the top of modular system concept can further improve system
performance of modular parallel manipulator systems. This conclusion is drawn from a
new concept of parallel manipulator system, i.e., a novel modular PKM with an
adjustable platform. It was shown that the platform dimensions play a significant effect
on increasing the workspace and the stiffness over the working points. Four feasible
structures were proposed to fulfill this requirement. The actuator on the adjustable
platform is shared by all the limbs symmetrically. This is preferable for static or
dynamic balancing of the PKM. The adjustable platform can operate in either an on-line
or off-line mode according to the design constraints. The redundancy will be introduced
in when the adjustable platform operates in an on-line mode to further enhance system

adaptability.

7.3 Future Work and Discussion

The work described in this thesis has limitations. First, the dynamic control of the
modular robot system has not been addressed. The issues involved in dynamic control

include: (i) development of effective methods for task-level control to eliminate
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positioning error, and (ii) incorporation of control behavior into configuration synthesis,
which follows the design for control methodology for general mechatronic systems (Li
et al. 2001). Second, implementation of the optimization model for modular robot
configuration synthesis is ad-hoc and lacks generality, though computational overhead
has been alleviated. Future studies should overcome these shortcomings and extend the

present work as discussed below.
(i) Automatic kinematic and dynamic modeling

The D-H based modeling methodology is preferable for robot configurations with a
serial or tree-like structure, but it becomes inefficient when a robot configuration has
parallel or closed-loop structures. This observation was also made by Tsai (1999). At
this point, a method based on a special finite element formulation (Yang and Sadler

1990, Zhang 1994) for non-modular robot systems should be considered.

(ii) Integration of design and control

The design variables may have a significant effect on control performance, as observed
in non-modular robot systems (Zhang et al. 1999). Such an effect can likely take place in
modular robot systems. Therefore, one should treat design and control simultaneously in
modular robot system configuration synthesis. Also, other design issues, such as
vibration control, and force/moment balancing, need to be considered concurrently with

real-time control.
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(iii) Task-level control

The goal here is to eliminate positioning error at the end-effector of a modular robot
system. The current strategy for operation at the joint module level needs to be improved
to become more adaptive to the computational time needed for inverse kinematic

analysis.

(iv) Computationally efficient method for modular robot configuration synthesis

In Chapter 5, it was shown that the optimization problem model for modular robot
configuration synthesis exhibits design variables that are highly heterogeneous in their
semantics; i.e., the coexistence of type-related variables and parameter-related variables.
Because type-related variables decide parameter-related variables, in the sense that a
particular set of dimensions depends on module types, the topology of optimization
problem model may change with the iteration process. That is to say, the updating of a
type-related variable may lead to the production or removal of some parameter-related

variables.

One of the basic steps to tackle this problem is to classify variables from the viewpoint
of an application. Modular robot configuration synthesis has been developed in Chapter
5 using a three-loop procedure. However, there may be significant computational
overhead, see the discussion in Appendix C. Further research is needed to reduce the

computational overhead.
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Appendix A

AMTEC Modular Robotic System

A.1 Introduction

The AMTEC Modular robotic system was made in Germany (Jaenisch et al. 2000). As
shown in Figure A.1, the system consists of joint modules, link modules, wrist modules
and gripper modules of different types. Link modules have various shapes and
dimensions for connecting joint modules and wrist modules. The joint, wrist and gripper
modules contain one or more actuator(s). The control architecture is a centralized one,
and the communication between actuators and the central controller is a bus model.
Figure A.2 shows the software architecture of AMTEC systems, where each module
with actuator(s) has its own local controller, the module control commends are issued
from the central controller, which is responsible for decomposing a robot task into a

series of the motion commends for all driving actuators.
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A.2 Hardware System

A.2.1 Features of modules

As a physical body, a module has many features, such as the dimension, the mass, the
center of mass, the moment of inertia and several ports. For the purpose of analysis,
there is a local coordinate system frame attached to each module. Then all the features
can be geometrically represented with respect to the local frame. An assembly pattern
refers to a set of ports on a module through which other modules are connected. Given a
module with a definite number of ports, the total number of assembly patterns can be
calculated. However, among all these assembly patterns, some are isomorphic in the
sense that they do not create any difference in terms of the features. A set of
non-isomorphic assembly patterns should be identified prior to modular robot

configuration synthesis, and this issue will be further discussed later.

A.2.2 Rotary joint modules

There are 6 types of rotary joint modules in the AMTEC systems, and their features,
including size, drive torque, precision, weight, limitation of joint velocity and

displacement, are listed in Table A.1.
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Table A.1 Features of rotary modules

Size (a) m 0.070 0.070 0.090 0.090 0.110 0.110
Drive

Nm 13.1 18.7 34.6 492 65.6 932
Torque
Velocity 'Is 3.768 2.356 3.768 2356 3.768 2.356

| Precision rad +0.00035 | +0.00035 | +0.00035 +0.00035 40.00035 | +0.00035

Range rad +2.97 +2.97 +2.97 42,97 +2.97 +2.97
Weight kg 2x0.9 2x1.9 2x3.3
COM 1 m (0,0.-0.035) (0,0,-0.045) (0,0,-0.055)
COM?2 m (0,0.0.035) (0,0,-0.045) (0,0,-0.055)
Inertia kg'm* 2x(0.05,0.05,0.05) 2x(0.06,0.06,0.06) 2x(0.07,0.07,0.07)

As shown in Figure A.3, a rotary joint module consists of two parts that rotate, called

part A and B. Each part is cubic shaped. Part A has a port for cable communication. A

rotary joint module has 9 ports for physical connections; see Figure A.3. Assembly ports

are marked with numbers as the port identifiers. The total number of assembly patterns

for a rotary joint module is 20, among which there are only 7 non-isomorphic patterns:

{(1,6), (1,7), (2,6), (2,7), (2,8), (2,9), 3,7)}

The local coordinate system is established at the center of a rotary joint module. The

Z-axis is coincident with the joint axis. The X-axis is defined to meet the following

constraints: (i) it lies in a plane which is perpendicular to the Z-axis and to which the

module is symmetric, and (ii) it is a principal axis with regard to the moment of inertia

and the product of inertia of the module, see Figure A.3.
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The postures of assembly ports are defined in the module local coordinate system. To
define the posture of each port, one needs to define a frame for each port. For a port on
Part B, the center of the port is the origin of the posture, the direction of the Z-axis is
defined to be toward the assembly face, and the direction of the X-axis is determined
based on the right hand rule from the Z-axis of the assembly port to the Z-axis of the
module. For a port on part A, the center of port is the origin of the posture, the direction
of the Z-axis is defined to be opposite to the assembly face, and the direction of the
X-axis is determined based on right hand rule from the Z-axis of the module to the
Z-axis of the assembly port. In this way, the postures of the assembly ports are shown in
Figure A.3, and they are expressed in a matrix form in the following (ports that will

produce isomorphic assembly patterns are not included).

For the ports on part B:
100 0 0 0 -1 a/2
010 0 1 0 O 0
A|= A1=
001 -a 0 -1 0 -a/2
000 1 0 0 1
For the ports on part A,
1000 001 al2
Lot o0 Lot 00 o
‘1o 01 a "7lo1 0 a/2
0001 000 1
-1 00 0 0 0 -1 -a/2
0 0 I a/2 -10 0 O
A = Ay =
0 I 0 a/2 0 1 0 a/2
0 00 1 00 0 1
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A.2.3 Linear joint modules

®

There are 6 types of linear joint modules in the AMTEC system; their features are listed

in Table A.2. It should be noted that a linear joint module has an adjustable parameter

for the initial joint position.

Table A.2 Features of linear modules

W Size (a) m 0.070 0.070 0.090 0.090 0.110 0.110
Drive Force N 280 500 520 800 740 1350
Velocity /s 0250 0.125 0300 0.150 0.400 0.200
Precision m +0.00005 |  +0.00005 +0.00005 +0.00005 +0.00005 +0.00005
Range (d) m 0.35 0.45 0.58
Initial position m (0.0, 0.02) (0.0, 0.02) (0.0, 0.02)
Mass 1 kg 2.0 32 5.5
Mass 2 kg 06 1.0 1.3
COM 1 m (0,0,-0.035) (0,0,-0.045) {0,0,-0.055)
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COM?2 m (0,0,0.040) (0,0.0.100) (0,0,0.150)

Inertia 1 kg-m2 (0.2,0.05,0.05) (0.25,0.06,0.06) (0.28,0.08,0.08)

Inertia 2 kg'm® (0.05,0.05,0.05) (0.06,0.06,0.06) (0.08,0.08,0.08)

A linear joint module is described as shown in Figure A.4. The set of the non-isomorphic

assembly patterns is found in the following:

{(1,6), (2,6), (3,6), (4,6), (5.0)}

. < d N
Communication <
interface on part A
Y

A

6 2

7 3 a
9 z << 5 I

\ 4

8 X . 4 ‘g/‘

Part B Part A

n @ 3 “ %) (6)

Figure A.4 Linear joint module

The assembly ports are expressed as follows:
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1 0 0 -1 0 O 0 0 0 1 -a/2
010 0 0 -1 a/2 -1 0 O 0
4, = 4, = 4, =
0 01 -a 0 -1 0 =-a/2 0 -1 0 -a/2
0 0 0 1 O 0 0 1 0 0 O 1
1 0 0 0 0 0 -1 al/2 -1 0 0 O
0 0 1 -—-al/2 1 0 O 0 0 0 1 a/2
A4 = = A6 =
0 -1 0 —a/2 0 -1 0 =-a/2 0 1 0 d
0 0 0 1 0 0 O 1 0 0 0 1
A.2.4 Wrist modules
There are 4 types of wrist modules; their features are listed in Table A.3.
Table A.3 Features of wrist modules
Size (a) m 0.070 0.070 0.090 0.090
Drive Force Nm 8.6 26 18.6 8.6
Velocity s 3.77 6.28 236 3.77
Precision rad +0.00035 +0.00035 +0.00035 +0.00035
Range rad +2.97 297
d; m 0.07 0.09
dy m 0.09 0.11
Mass 1 kg 0.6 12
Mass 2 kg 1.05 2.1
Mass 3 kg 0.15 03
COM 1 m {0,0,0.035) (0,0,0.045)
COM 2 m (0,0,0) (0,0,0)
COM 3 m {0,0,0.040) (0,0.0.050)
Inertia 1 kg'm” (0.05,0.05,0.025) (0.1,0.1,0.05)
Inertia 2 kg'm* (0.08,0.08,0.1) (0.16.0.16,0.2)
Inertia 3 kg'm* (0.01,0.01,0.005) (0.02,0.02,0.01)
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As shown in Figure 4.2, a wrist module has three physical components. Two joint bodies

and a linkage body are formed when two virtual linkage bodies are introduced. Their

assembly patterns are unique, i.e., (1,2). A wrist module has two assembly ports, i.e.,

port 1 and port 2. The local coordinate system is set to that of port 1.

Bodies Joint 1 Link Joint 2
1 0 00
01 00
Port 1 0 01 0
00 0 1]
100 0 1 00 0] 1 00 0
01 0 0 0100 010 0
Port2 0 0 1 4 001 0 001 4,
000 1 00 0 1] 000 1
A.2.5 Gripper modules

Two types of grippers are considered, and their features are listed in Table A.4.

Table A.4 Features of gripper modules

Size m 0.070 0.090
Grip force N 200 500
Grip stroke m 2x0.030 2x0.030
Precision m +0.00005 +0.00005
Velocity m/s 2x0.020 2x0.020
Mass kg 11 19
COM m (0,0,-0.045) (0,0,-0.056)
Inertia kg'm” (0.2,0.05,0.05) (0.26,0.06,0.06)

A gripper module has one assembly port to a joint or wrist module. The reference

coordinate system is set to that of the input port.




A.2.6 Link modules

Link modules of the AMTEC system are shown in Figure A.5.

Figure A.5 Link modules in the AMTEC system

The link module has the unique assembly pattern, and it has two assembly ports: port 1
and part 2. The local coordinate system is set to be part 1, as a result, port 2 could be

described by a 4x4 matrix with respect to the frame of port 1.

Table A.5 Features of link modules

Size Mass COM Inertia
" Port 2
m kg m kg'm

100 O

010 0
1 033 (0,0,0.035) (0.01,0.01,0.005) {0 - Om]

0.07—0.07 000t

7] M o 0o o
2 & 00 I 0035
E 2 0.54 (0.035,0,0.035) (0.015,0.015.0.01) ol
g Lo o 1 |
o] 1 00 0
= 3 0.43 0,0,0.04 0.016,0.016,0.006 P
= : (0,0,0.045) (0.016,0.016,0.006) 00 1 009

Q

S 0.09—0.09 000t
E I 0 0 0
o ¢ 0 t 0045
2 4 0.60 (0.045,0,0.045) (0.020,0.020.0.015) ey
A 00 0 1
1 00 0
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Appendix B

Design Analysis and Synthesis Program

The program consists of two parts: Automatic Kinematic and Dynamic Analysis (AKDA)
and Adaptive Robot Configuration Synthesis (ARCS). The inputs to the program are the
definition of the modular robot system and given task specification, and the outputs are
the optimal configuration and its graphic simulation. The source codes of this program

are attached in a floppy disk.

B.1 AKDA

AKDA includes the following components:

‘init’ To define the modular robotic system.

‘module_dh’ To convert design variables to D-H kinematic and dynamic
parameters.

'fun’ To solve inverse kinematics.

Toolbox for robotics ~ To perform trajectory planning, calculate Jacobian matrix, and

solve inverse dynamics.
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B.2 ARCS

ARCS includes the following components:

"'main’ the main program to organize all of functional modules and
integrate with AKDA.
‘eva_case’ To verify if a candidate meets design constraints and evaluate

configuration performance.
‘Toolbox for Genetic  To perform configuration synthesis.

Algorithm’

B.3 Program Output

The result of the program is stored in the following files:

‘new_par.out’ Normalized values of design variables with respect to the
generations.

‘new_obj.out’ Evaluation fitness with respect to the generations.

‘new_org_par.out’ Original values of design variables with respect to the
generations.

'conc_par3.out' Optimal design variables and corresponding D-H parameters.

' new_end_pop.out' Terminal population.
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B.4 Program Execution

(1) The ‘main’ program and all subroutines of functional modules are stored in

the same sub-directory.
(ii)  Run the Matlab R12 software.

(ili)  In the menu list 'File' of Command Window, click ‘Set Parh' and set the
current directory as the directory where all of the programs are stored. All the
user-defined routines would be searched in this directory. The result of steps
(ii) and (iii) is showed in Figure B.1. Before a specific program is executed,
The Matlab environment locates all routines needed, complies and links them

directly and automatically to form an execution program.

(iv)  In command line of Command Window, type in the name of the main
program 'main’ and press 'enter' button as shown in Figure B.2. The program

will start and finish once an optimal result is produced.

The window for the graphic simulation of the optimal configuration will be produced
automatically after the process of the design synthesis is completed, as showed in Figure

B.3.
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Appendix C

GA Implementation Issues

C.1 Implementation Strategy

After the design space is divided into three sub-spaces, GA implementation should be
straightforward. The basic idea of the implementation is to have three loops of GA
operations. However, this could introduce considerable computational overhead using a

single machine because the three GA operations are coupled. Let i denote loop number,
n; the number of generations for terminating the GA operation in loop /, and n; the
number of individuals in each generation. The total number of times needed for
evaluation of the objective function within loop i can be calculated by ni xn;. It is

further noted that these loops are coupled. If a problem requires two GA operations, GA

loop 2 and GA loop 3 in the case study here, the total number of times needed for

evaluation of the objective function will be (1’ xn2)x (n’ xn)).
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In the present implementation, a simplification strategy is described. It is noted that in
the case study here, only two loops (loop 2 and 3) are considered. For the example
system discussed in this thesis, there are 12 variables if three joint modules are of a
rotary type. When one of the rotary joint modules is replaced by a linear joint module, in
loop 3 one more variable for representing the initial position of a linear joint module is
created (case 1). When two of the rotary joint modules are replaced by two linear joint
modules, two new variables, respectively, corresponding to the initial positions of two
linear joint modules, will be created (case 2). Finally, when three rotary joint modules
are all replaced by three linear joint modules, respectively, three variables are created

(case 3).

To the above three cases, case 1 further corresponds to three situations because the linear
joint module can be any one of the three rotary joint modules; likewise, case 2 to three
situations; case 3 to one situation only. Therefore, the total number of the possibilities

for loop 2 with respect to loop 3 is eight. To each of the eight situations in loop 2, the
GA operation is performed. If n; =100 and ”Z =100, the total number of times for

evaluation of the objective function in this case is 8x (100x100).

C.2 GA Codings of Design Variables

Figure C.1 shows the coding scheme for design variables. Each variable corresponds to a
sub-string. It should be noted that the number of design variables for adjustable joint

parameters at the last part of the string depends on joint types in the three joints; only the
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linear joint type has an adjustable parameter, i.e., the initial position.

Design variables
Variables for the second Variables for the third
loop operation operation
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Figure C.1 Coding scheme for design variables

C.3 Initial and Final Solution Sets

Tables C.1 shows the design variables and the fitness at the initial population, when all
the three joints are of a rotary type. It should be noted that the fitness value for the

candidate that does not meet the constraints is given —100.
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Table C.1 Design variables and fitness at the initial population (with three rotary joint

modules)
ol I B B
~lalal |~ 212|233 -
A I I - A < < - % 3 g
2132 |%

1 6 2 1 1 6 7 2 2 0023781 -0.01715 -0.00054  -100
6 4 3 1 I S 1 1 -0.02428 0.02695 -0.03789  -100
6 1 5 1 1 7 2 5 1 0016559 -0.02855 0.028042  -100
1 1 6 1 1 2 3 4 1 0021672 0.009968 -0.00365  -100
3 2 5 1 1 4 5 6 2 0039505 00019 0047169  -100
4 5 3 1 1 2 4 3 2 0048712 0.024884 0026679  -100
4 5 1 2 1 4 6 1 1 0022676 -003476 0042524  -100
2 3 3 2 2 4 3 3 2 002311 001278 0.015855  -100
3 1 2 1 1 1 4 2 1 -004745 -0.02537 0.007256  -100
4 5 2 1 2 5 4 2 2 002662 0.001297 0.039199  -100
4 5 1 2 1 4 5 5 2 0045785 0.047199 -0.03238  -100
5 5 4 2 1 1 1 7 2 -001776 -0.00788 -0.02149  -100
s 4 1 1 2 5 6 2 2 -0.00493 0.004829 0.049026  -100
1 5 2 2 1 3 5 2 1 -003672 -0.0047 0.020146  -100
1 4 6 2 1 6 7 4 1 0004514 0.037747 -0.02399  -100
3 1 6 1 1 2 5 3 2 0049205 0.046885 0.04131  -100
6 6 2 2 2 5 4 7 1 -0.00435 0.032317 0.001178  -100
2 3 5 2 1 6 1 1 1 -0.0058 0046246 0.041279  -100
2 1 1 2 | 4 5 5 1 -001967 -0.03527 0019606  -100
2 4 4 2 2 7 5 2 1 -002258 -0.03628 0.036341  -100
4 4 1 2 2 6 1 1 1  -00066 -0.03891 -0.04142  -100
3 3 5 1 1 4 3 5 2 0041369 -0.0205 -0.03693  -100
3 3 3 2 1 5 2 2 1 -003023 0.031725 0.046526  -100
5 4 1 1 2 5 7 4 1 -003103 -003617 -001776  -100
2 4 1 1 1 6 1 4 1  -00155 -003012 0017976  -100
2 5 5 1 1 3 1 7 1 0012369 -0.03066 -0.00234  -100
2 5 2 1 1 4 6 7 1 0019969 -002137 -0.00419  -100
3 3 2 2 1 4 1 1 1 -00276] 0031215 -0.0023  -100
4 2 4 1 2 4 5 2 2 0046376 0032691 0.015517  -100
4 2 2 1 2 6 7 3 1 0040333 0029591 -0.04024  -100
2 1 5 1 2 4 4 1 1 0035661 -003657 0011044  -100
3 6 6 1 2 6 1 5 2 0014678 0.000184 0001954  -100
3 3 6 1 1 3 6 6 1 0002702 -000381 0013332  -100
4 3 3 1 1 5 5 5 1 -004592 -0.00534 -0.02375  -100
4 4.2 1 1 6 7 6 2 001893 -0.02518 -0.03007 -100
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5 5 6 1 1 2 2 5 1 0.0443 -0.01966 0.033658 -46.4797
2 5 6 1 1 3 4 6 2 -0.03537 0.04922 -0.04488 -100
5 5 4 2 2 6 1 | 2 -0.04795 -0.01801 -0.03411 -100
5 4 5 1 1 4 6 5 1 -0.02685 0.012021 -0.03742 -100
6 6 3 1 1 1 1 6 1 0017196 0.012083 0.025098 -100
4 4 6 2 2 3 1 2 2 0.028595 0.011817 0.046413 -100
2 2 2 1 1 4 1 4 2 0.011005 0.030653 0.002449 -100
4 4 5 1 1 3 5 6 1 0.024149 -0.03738 0.044094 -100
1 6 4 1 2 2 3 7 1 0.032538 0.032522 -0.03582 -100
1 2 1 1 2 4 3 6 2 0.036573 -0.02183 0.047199 -100
4 3 3 2 1 6 6 3 1 0.037701 -0.03024 0.028521 -100
1 1 5 1 1 1 1 4 1 -0.00151  -0.04815 -0.0052 -100
1 6 3 2 2 7 2 5 1 0.034828 0.048852 0.019605 -100
5 4 1 2 2 5 1 5 | -0.02408 -0.04412 0.048729 -100
4 3 3 1 1 4 5 7 1 0.028748 -0.01943 -0.03697 -100
1 3 4 2 1 5 5 4 1 -0.0489 0.008945 0.029103 -100
3 6 2 1 2 2 1 4 2 0.041332  0.032645 0.046723 -100
5 15 2 1 1 1 3 1 0.017044 -0.00404 0.031441 -100
1 3 5 1 1 2 2 5 1 0.043338 0.002046 -0.00427 -100
3 3 3 1 1 6 4 7 1 0.046149 0.033745 -0.02129 -100
1 1 4 2 1 6 5 3 2 0.046681 0.024406 0.047897 -100
2 2 4 2 1 1 6 3 1 0.006949 0.049666 0.031772 -100
3 2 5 2 1 1 2 3 2 0.044806 0.000715 -0.04005 -100
1 4 4 1 1 2 5 7 1 -0.00069 0.047583 -0.00287 -100
4 4 4 2 1 7 6 7 1 0.01682 0.035237 -0.02628 -100
5 3 4 1 2 4 4 5 2 -0.00412 0.03326 -0.0214 -100
3 6 2 1 1 4 6 1 | -0.04171 -0.02842 0.045018 -100
5 5 6 1 2 4 1 1 1 0.04939 0.030658  0.02142 -100
1 1 3 1 2 4 3 2 2 -0.02368 -0.03189 0.006842 -100
1 2 4 2 1 2 6 3 1 0.011813 -0.04955 0.047484 -100
2 3 1 2 2 6 6 7 1 0.045233 0.002752 -0.03857 -100
3 4 1 1 2 4 6 1 1 0.005052 0.01459 0.010856 -100
1 2 5 1 1 3 3 2 1 0.049609 -0.00135 0.007324 -100
1 5 5 1 1 3 3 1 1 -0.02267 -0.04783 0.017828 -100
5 3 5 | 2 7 3 5 1 0.044271 0.046289 -0.0188 -100
1 5 2 | 1 4 3 5 1 0.034371 0.042408 -0.03832 -100
5 4 6 1 2 6 4 7 2 -0.03124 -0.03779 -0.00565 -100
3 2 2 1 2 2 6 3 1 0.014749 0.004103 0.035605 -100
1 4 6 2 1 5 6 7 | 0.03008 -0.04356 0.025711 -100
4 4 2 1 1 6 6 6 1 -0.02786 -0.04929 -0.01141 -100
1 2 2 2 1 3 2 6 1 0.02948 -0.03756 0.034306 -100
2 5 3 1 2 6 1 3 1 -0.04163 0.039809 -0.01398 -100
3 2 2 2 1 5 2 7 1 0.006295 0.041991 -0.0153 -100
5 6 5 2 1 7 6 4 2 -0.00585 0.004698 -0.03223 -100
3 2 1 1 | 3 3 4 1 0.040665 0.044069 0.027531 -100
6 2.6 2 2 2 5 4 1 -0.01649 -0.01573 0.006528 -100
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-0.04787 -0.03703  0.03174 -100
-0.04183 0.017727 0.036176 -100
-0.01669 -0.03186 0.025925 -100
-0.04067 0.004665 0.048083 -100
-0.02073 0.018619 -0.023 -100
-0.02193  -0.00701 -0.03835 -100
-0.00712  -0.01256 -0.02155 -100
-0.04967 0.005117 -0.01888 -100

0.00343 -0.039  -0.0213 -100
-0.04827 0.045891 0.030952 -100
-0.04748 0.043873 -0.02189 -100
-0.01975 0.002197 -0.01266 -100
-0.02638 0.011926 -0.03625 -100
-0.03585 0.047167 0.019621 -100
0.043142  -0.02596 0.039998 -100
-0.02331 0.005528 -0.02822 -100
0.044099 0.041874 -0.03449 -100
-0.02815 -0.02346 0.043358 -100
0.025988 0.032861 0.013682 -100

AN[= W Inwws|INV|IWIN|AN| WK —=|lun]|w]|—=]|—~
WIN[(=W[uv]jw{u|—lunw|lwlwu|lwn]|—=]|—]|BA]lw]on|—
CoBIESN RN B (VSR RV B RV R UL IRl N KOVE KV - N RV I NS RV N A
NIN|—= === ]| === =] oo —
ol Rl N A I IS S 3 Il DN E IS B P P B SN S e R Y Y
Nisdlnlwan—[N|A]|Sln|N|n]Nlu]l=lalwuls
Nl Bl =Al~]=|N|aa|R]an]|]B]wv]|wv
Bl Al=|—lwn]|a|b =N w]Qw]s]laln][slwn
= N = (R [ DD | o | [ ] e | DO | e [t |t | s | = [ =

Table C.2 shows the design variables and the fitness of the different robot configurations

at the terminal population, when all the joints are of a rotary type.

Table C.2 Design variables and fitness of the different robot configurations at the
terminal population (with three rotary joint modules)

— o~ o
E| E | E
E|E|E|g|2|8]| 5|3 |2 £ T G E
s|sls|s|5 88812 3 3 y 7
ElE|E|E B 22 8| < 2 g £
1 4 4 1 1 2 2 7 1 -0.05 -0.05 -0.05 -11.0954
1 4 4 1 1 2 2 1 1 -0.05 -0.05 -0.05 -100
1 4 6 1 12 2 7 1 -0.05 -0.05 -0.05 -100
1 4 1 1 1 2 2 1 1 -0.05 -0.05 -0.05 -100
1 4 1 1 1 2 2 7 1 -0.05 0.014126 -0.05 -100
1 4 1 1 1 2 2 7 1 -0.0219 -0.05 -0.05 -11.973
1 4 1 1 12 2 7 1 -0.05 -0.05 -0.05 -11.0039
1 4 1 2 1 2 2 7 1 -0.05 -0.05 -0.05 -100
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Table C.3 shows the variables and fitness of the different robot configurations at the

terminal population if two of joint modules are of a linear type, where the two more

variables representing the initial positions of the linear joints are added.

Table C.3 Design variables and fitness of the different robot configurations at the

terminal population (with two linear joint modules and one rotary joint module)

SlE%] 52 CF
55|55 5| 22|55 | & | £ S | 2 | 2z | %
Bl &|B(2|&Z(3|3|&| 3 3 3 £z | £2% E
FIRIF|F|IEl<|<|<| & m m m E:é:é Ejé'{: [

7 4 7 1 3 5 -0.05 0.022834 -0.01757 0.001 0.001 -15.9761
7 3 7 1 3 5 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 4 7 1 5 5 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 4 7 1 3 5 -0.05 0.022834 0.05 0.001 0.001 -100
7 3 7 1 2 4 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 4 7 1 1 5 1 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 4 7 | 3 7 1 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 3 8 1 3 4 1 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 4 7 1 1 3 5 1 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 4 7 1 1 3 2 1 -0.05 0.022834 -0.01757 0.001 0.001 -100
7 4 7 1 1 2 4 1 -0.05 0.022834 -0.01757 0.001 0.001 -100
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