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ABSTRACT

DESIGN OF MECHATRONIC PRODUCTS BASED ON USER-CUSTOMIZED
CONFIGURATION: AN APPLICATION FOR INDUSTRIAL ROBOTS

Jing LI
ABSTRACT

In today's market, obtaining a variety of products through configuration design has
become increasingly common. However, with the development of the market, customers
have not only satisfied the company offering a variety of products, and more demands on
participating in the process of configuration design by themselves, so that they can obtain
fully personalized products. Customer participation leads to the changes of design process,
company's management model, etc. Based on the above problem, this thesis takes
industrial robot as an example, and studies the management issues related to the customer
involved in the design, in order to address the contradiction between product
diversification, personalized requirements and the long design cycle and high

manufacturing costs.

Firstly, Auser-customized configuration design pattern is presented. The theory source of
user-customized configuration design pattern is introduced, and then the related concepts
are expounded. The corresponding business mode of user-customized configuration
design pattern is given, and the key technologies to realize business mode is studied.
System dynamics models were established for user-customized configuration design
business mode and for traditional business mode of industrial robots by Anylogic

simulation software.

Secondly, the component-based theory and method are studied, including the formal
description of things, ontology representation, componentization and servitization. On
this basis, the componentization description model is established for the product parts.
And the model is represented as service-component. Next, the formation process and
extension method of service-component are introduced. An example of industrial robot
components modeling is analyzed, including establishing industrial robot domain

ontology by protégé€& describing, instantiating and extensing components.

Thirdly, the industrial robot user-customized configuration design template is constructed,



ABSTRACT

and users can obtain the industrial robot meeting constraints through parameters setting;
The kinematics and dynamics analysis on template is taken by Simscape model, and the
dynamic parameters is analyzed, and the finite element analysis on template is taken by
ANSYS, including statics analysis and modal analysis. The parameters flow process in
template is analyzed. Then taking industrial robot user-customized configuration design
using configuration template as an example, the configuration template is analyzed in

application.

Fourthly, the internal algorithm of user-customized configuration design is researched.
Platform-based and user-leading user-customized configuration design process is
constructed, and then the internal algorithm to keep the design running smoothly is
studied, including the degree of freedom determination, fuzzy demand calculation, and
service-component configuration and the configuration program evaluation. A case

analysis is also taken for the internal algorithm

Finally, on the basis of the previous section, the prototype system design of the open
design platform is taken. Based on system requirements analysis and system design, the

main pages of the platform are designed, and the key functions are introduced

Keywords: configuration design; design management; user-customized design; industrial

robot; ontology; object-oriented representation; product template
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CHAPTER 1 Introduction

CHAPTER 1 INTRODUCTION
1.1 Background

Industrial robot is a type of mechatronic product containing multiple fields’
components such as machinery, electronics, control unit, and computer. It is
characterisedby complex structure, long lead times, and high manufacturing costs.
Currently the industrial robot technology focuses on modularization, reconfigurable
robot, intelligentization. The main research of these technologies is to design the
industrial robot to modular structure, and then reconfigure these modules to new
industrial robot with new features. The modularization technology allows the
production of industrial robot to achieve mass customization, and it solve problem of
the long development cycle and high development cost to a certain extent. However,
an industrial robot is required to achieve high degree of customisation for finishing
special work. In the increasingly fierce global competition, only more rapid respond
speed for diversified customer requirements can make enterprises to be invincible.

To achieve high degree of customisation, customer participation configuration
design is more and more going into people's attention. The mature application is the
component technology in software field. In the field of hardware products, the most
widely used product is the computer. All parts and components from different
manufacturers in the computer hardware field have achieved standardized interfaces.
Customers can choose graphics cards, hard drives, monitors, etc. at different prices
and performance according to their needs, and then assemble these parts and
components into a fully customized computer. Since all the interfaces have been
standardized, customers can ensure the feasibility of the final product while not
having specialized computer knowledge. The technology thanks to the rapidly unified
industry standard of computer industry. Although certain manufacturers’ interests are
suffered in short term, it promotes the rapid development of the computer industry in
long term, and each enterprise of the computer industry can benefit from it.

As a complex mechatronic product, it is more complex for industrial robot to
take customer participation configuration design than a computer. The vibration,
deformation and other issues of configuration product during operation process are
likely to lead to the failure of design. Even the car which now has begun
customization, such as Rolls-Royce, Volkswagen, etc., it only provides customers
with simple customization service such as pedal customization, seat piping

customization, etc., and it can’t provide a deeper level of customer participation
1



CHAPTER 1 Introduction

configuration design. But the basic for industrial robot to achieve customer
participation configuration design already exists. On the one hand, the current
industrial robots are mostly modular structure, and there are a lot of researches on
reconfigurable robots, which are the prerequisite for customer participation
configuration design. On the other hand, industrial robots are not the same as other
mechatronic product such as automobile. Automobile also has modular structure, but
its function is complex, many modules are required in one product, and the majority
end-users do not have the professional design knowledge, so it is difficult to
implement user-customized. But industrial robots are usually used in factories to do
some simple and repetitive work, so a single function is required. In addition, usually
the user of industrial robots is factories, which have employees with mechanical
expertise. These characteristics provide the possibility to realize a deeper level of
customer participation configuration design. Therefore, the industrial robot can also
realize fully customization through customer participation configuration design like
the computer, which can promote the rapid development of the industry.

Based on the above analysis and the existing research, this thesis proposes
user-customized configuration design pattern for industrial robot. It is not just a
simply sentence that changing the industrial robot development approach from
professional designer design to customer configure design. The changes of
development approach bring the role changes of relevant enterprises such as industrial
robots manufacturers, parts providers and developers in industry chain. To ensure that
customers can design industrial robot by their own, a clearly specified set of business
mode is needed to manage all stakeholders. On the other hand, design activities
performed by the user don’t use the physical components in the real world, but use the
virtual components in computer. Therefore, how to transform the physical
components into virtual components, how to provide non-professional designer - user
with a simple design method and design process, and how to validate the user's design
result to ensure the feasibility of the configuration result become the key issues in
user-customized configuration design pattern. Aiming at these key issues, the thesis
does research in depth.

1.2 The research status and analysis

1.2.1 The research status
There are three relevant areas to be studied: the first one is that in
user-customized configuration design pattern, the product is ordered by the user

2



CHAPTER 1 Introduction

online and receipted and used offline, so it is needed to know relevant business mode
of online and offline integration; the second one is that in user-customized
configuration design pattern, the design process is to configure the predefined
components to product in mass customization production mode essentially, so it is
needed to know the relevant design theory in mass customization production mode
such as modular design, product family design, customer participation configuration
design, reconfigurable modular robot design, etc.; the third one is that in
user-customized configuration design pattern, the components want to realize the
function of fast plug and play like software components, so it is needed to know the
plug and play technology in component technology in software engineering. The
research status of these related issues are introduced as followed.

1.2.1.1 The business mode of online and offline integration

Paul Timmers believes that the business mode is an operating mechanism about
enterprise product flow (service flow), capital flow, information flow and value
creation process, and it consists of three elements: (1) the participants’ status and their
roles; (2) the enterprise benefits and income sources obtained in the business
operation; (3) the value created and reflected in the business mode [1]. With the rapid
development of e-commerce in recent years, the traditional business mode with only
physical stores has been greatly impacted. More and more companies try to carry out
the business mode of online and offline integration. The common modes include B2C
(Business to Customer), C2C (Consumer to Consumer), B2B (Business to Business),
020 (Online to Offline).

B2C means that the seller online is enterprise and the buyer is individual, namely
the consumer. B2C is actually moving the store to online. It shows and sells goods to
consumers via the online store, and the enterprises do not directly face to face with
customers. Its operating mode is shown in Figure 1-1 [2]. Consumers search products
by B2C online store, and then create order through online payment after searching the
right products, so the product supplier delivers the product to the consumer through
the logistics company offline. As the buyer of B2C mode is individual, so this mode is
generally used to sale product of common household items or services which are
closely related to the personal life. The bulk product of industrial field or highly
specialized products generally don’t use this mode. For the website in B2C mode,
how to obtain a higher inventory turnover to reduce costs and how to improve on-time

delivery rate to improve customer satisfaction rate is the key to succeed in the fierce

3
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competition [3].It also needs to improve the website management quality to attract
customers [4]. C2C means that the seller and the buyer online is individual, and the
website only offers a trading platform. Its operating mode is similar to B2C, and the
only difference is the identities of the participants. C2C and B2C both sell products to
individual consumers. Since any individual under the C2C mode can be the seller, its
openness leads to a huge advantage on the merchandise source and type. But the
advantage of this mode also brings a disadvantage-because the personal behavior is
unsupervised, the seller may sell inferior goods and take false trading which makes
buyer believing that the quality of products. There are research on how to identify
seller fraud to restraint the behavior of buyer and seller now[5].The buyers and users
of industrial robot are manufacturing companies generally, so far in the field of
industrial robot seldom exist B2C and C2C mode.

SINIE
[— X
/ A Clearing
institution

I

I )

: Payment
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P = * N
=)
Logistics

Figure 1-1 B2C mode @

B2B means that the seller and the buyer online is company. Its operating mode is
similar to B2C. In a variety of e-commerce business mode, B2B occurs first. From the
beginning of the 1990s a number of B2B websites were established and became the
leader in the industry. For example, in industry field as the more famous B2B
websites include the GlobalSpec established in the United States in 1996, the Thomas
Global in the United States in 1995, the world's first enterprise directory Switzerland
kompass published in 1945, the Directindustry established in the France in 1999, etc..
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For the existed problems in application, many scholars do related research, such as
determining customer-oriented performance improvement approach through studying
the sales staff behavior of the website [6], researching how trust affects B2B by
studying the relation between the social trust and B2B [7], researching how to apply
the B2B theory in industrial field for the features of industrial product [8], researching
Brand Management in industrial field B2B [9], researching how to use B2B as a new
distribution channel through the distribution channels analysis of traditional entity
companies [10], etc. Currently B2B business mode has matured. Users can not only
inquire and purchase product online, but also can inquire the industry standard,
inquire tradeshows information, and display industry brand directory and product
directory. It can establish a website integrating the functions of inquiry, display,
trading for global buyers and suppliers.

The concept of 020 is formally proposed on TechCrunch by Alex RamPell of
American in 2011 [11]. The core content is to pay online and get goods or services on
physical store offline. Different to the previous three modes, 020 mode has physical
stores, and customers need to pick up products or services in the physical store after
the payment online. For customers, payment online can enjoy more favorable price
than payment offline. The literature [12] researches how to achieve the combining of
pricing offline and promotional activities online. For physical stores, the products can
be promoted i via online websites, and the dependence on physical store location can
be reduced. Simultaneously, each transaction has a detailed record to facilitate the
analysis of market trends. Meanwhile according to Daniele Scarpi et al study,
customers not only purchase products online, but also want to get more fun
online[13].Therefore online websites can consider to provide customers with more
fun in premise of meeting the basic transaction, so as to promote sales of the products
offline. Most industrial robots companies currently only have physical store offline,
but the famous industrial robot company ABB has established its first 020 experience
store in September 2014. It achieves the 020 business mode of “experience offline,
transaction online, payment online, delivery offline”, and becomes industry leader of
020 mode in robot field.

Each business mode has different applicable object. For example, the B2B is
applicable to bulk industrial products, the B2C and C2C is applicable to groceries, the
020 is more suitable for restaurants, theaters and other products which need to enjoy

services in physical store. The user-customized configuration design involves



CHAPTER 1 Introduction

purchasing parts online (B2B or B2C), transaction design results online (B2C or C2C),
enjoying assembled products or service offline (O20). It is needed to combine various
kinds of business modes, and study business mode applicable to user-customized

configuration design.

1.2.1.3 Related design theory of mass customization production

Mass customization (MC) is considered to be the most important production
mode in the 21st century [14]. By computer technology, modern design methods,
flexible manufacturing technology and so on, it can produce customized products
meeting different needs of customers on the premise of closing to the cost advantages
of mass production [15]. Mass customization technology is mainly achieved through
modular design, product family design, configuration design.

Modular design

Modular design is a modern design method. The main principle is to break
product down into sub-components, i.e. product modules. This division can promote
the standardized of components and increase the diversity of products [16].In the
1950s, some European and American countries have officially put forward the
concept of modular design. After decades of development, the modular design has
very mature theory, and the research contents mainly include module division and
recognition, module management [17], module evaluation and optimization. The
module division method is the most critical issue. It is needed to consider what extent
of modularity is optimal and what product information is needed in module, etc.
[18].To solve these problems, there are methods such as the explanation structure
model-based method [19],Design Structure Matrix-based method[20][21][22],fuzzy
clustering-based method [23], method based on the FBS(function-structure-behavior)
mapping [24], self-organizing maps method[25], method based on triangle algorithm
figure [26], the biggest smallest division method[27].The module evaluation and
optimization methods contain genetic algorithm-based method [20][28][29][30],
module optimization based on simulated annealing algorithm [ 31], fuzzy
comprehensive evaluation method based on multi-experts [32].Based on mature
theory, modular design has been widely used in the computer, automotive, machine
tools and other products. Most of the products in these areas have achieved a modular
structure, and they can change product features flexiblely by adding, deleting or
replacing certain modules.

Product family design
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In product design process, product family design no longer design a particular
product alone, but t design a set of products with similar functions to meet different
customer needs. The effective way to achieve product family is to classify customer
needs and define product platform according to the common needs. Platform-based
product family design is an effective way to achieve mass customization [33]. The
product platform is a generic and shared modules collection, and the product family is
a set of prducts with similar structure derived from the product platform [34]. Here
the concept of module is an physical concept, meaning a replaceable unit with
separate function, and the interdependence between modules is the smallest [35]. The
condition of one component becoming a module is: the functions, space, and other
interface features of the component exist within a particular interface rang of the
modular product [36].By platform-based product family design, the reuse of product
design results can be achieved, so that enterprises can respond quickly to customized
needs of different customers in the context of low-cost, short development cycle. The
design method to achieve platform-based product family design can be divided into
two types: (1) module-based product family design. The product diversification is
achieved by adding, replacing, removing the product platform modules [37][38]. (2)
parameters-based product family. The product diversification is achieved by
magnifying, shrinking and other operations the product platform modules [39][40].In
the actual implementation process, two methods are generally used in combination in
order to improve the flexibility of the product platform.

For the platform-based product family realization, the main researches focus on
product family modeling and product family design optimization. For product family
modeling, there are multiple view product family model [41][42], product family
structure model based on common modules [43], product family model based on
alterable module [44],product family model based on GBOM [45][46],product family
design model based on biological DNA [47]. For product family design optimization,
the method can be divided into two categories: single-stage optimization and
multi-stage optimization [48]. The method based on module attribute assignment and
selection introduced by is a single-stage optimization method [49]. The optimization
method based on multi-objective genetic algorithm [50][51][52], the optimization
method based on population genetic evolution mechanism [53],the optimization
method based on rough set and fuzzy set [54], the selection method of modules based

on simulated annealing [55], are all belong to multi-stage optimization method. The
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multi-stage optimization method avoids the difficulty of solving when the product
family model is too complicated. Regardless of the method using single-stage or
multi-stage method, all the alternative solutions designed by the designers are needed
to be evaluated after the formation. Tarek propose a universal method based on
physical components, which can automatically generate re-designed solutions [56]

Configuration design

The configuration design is to find those configuration results that meet all the
requirements according to the predefined components collection, configuration
requirements description and configuration standard, and then product customization
is achieved [57]. Product configuration design is an effective method to solve
contradiction between the diverse user demand and the product development time and
cost [58]. In recent years, most of the researches related to product configuration
focus on product configurator. Product configurator is essentially a knowledge-based
expert system that allows users to select certain parts from the predefined set to
consist of effective products [59]. Lars Hvam in Technical University of Denmark
studied a development method for visual configuration system[60]. First he
introduced what visual configuration system was, and then divided visual
configuration system development into seven steps: process analysis, product analysis,
object-oriented analysis, object-oriented design, programming, implementation,
maintenance. Manufacturing enterprises could configure product formally in
accordance with the method. Sometimes product platform based on module can’t meet
some special features of product. In order to solve this problem, Sehyun Myung and
others studied parametric design in the configuration design [61]. They put forward
knowledge-based parametric design method of mechanical product. This paper
presented the concept of design unit, and designed an expert system framework of
parametric design based on design unit and configuration knowledge, which
integrated the configuration design knowledge and detailed knowledge of CAD
systems. T.W. Carnduff proposed a model of configuration management, which
managed configuration process through version evolution [62]. Configuration version
information was captured flexibly at the component level and stored in the database.
Designers did not need any knowledge of programming techniques. They could use
the model to track the configuration evolution, then selected appropriate configuration
version and module through graphical user interface. In article [63], authors

developed a desktop virtual reality-based interactive modular fixture configuration
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design system. The authors used multi-view furniture assembly model to aid in
information representation and management. The model could express information
view of fixture module, functional / structural information view, assembly relationship
view, and 3D operation methods was used to accurately locate the position of fixtures
in the three-dimensional space. These studies provide a solid theoretical foundation
for the implementation of configuration system.

The key issues in the implementation process of the configuration system to be
addressed include configuration platform expression [64][65], configuration design
implementation method, configuration solution evaluation and the optimization
[66][67]. Wherein the configuration design implementation methods contain
case-based reasoning method [68][69], product structure model-based method[70][71],
knowledge-based method [72][73], etc.. The research emphasis is configuration
model and configuration algorithms, and there are rare researches on configuration
design management from a global perspective. With the growing research on
configuration design, F.Salvador et al. found that only solve the problem of designing
a configurable product family and combining predefined components into effective
products is not sufficient to reduce significantly the trade-off between customization
and delivery time. They investigate 122 product manufacturers using configuration

design method, and the result is shown in Figure 1-2 [74].

<=1% production order with
mi configuration errors

1-5% production order with

m2 configuration errors
3 >5% production order with
configuration errors
Lk n.a.

Figure 1-2 Percentage of configuration errors in companies [’

Even with the configuration design method, some problems still occurs because
of the lack of communication between companies and customers, which will lead to
run counter to the initial targets of customization and rapid delivery. In order to
resolve this contradiction, recent years’ research gradually turn to design product
configuration process from management view and holistic view, and extend the
management from product configuration design to a uniform framework including

users, designers, suppliers, salesman [75][76].
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Customer participation design

Customer participation design is actually a design method for mass
customization production. Because it is very difficult for the customers to design a
completely new product, and therefore more customers configure the existing
components to product. Randall et.al. pointed out that the product customization
needs to meet the five principles, including providing different customized interfaces
for different users, providing customized starting point, providing modify space,
providing design prototypes for customer design reference [77]. The most critical
issue is to give customers a product structure template as a basis for the customer
participation design. For example, Roger and others proposed a generic product
family master model [78]. Based on web service, the model integrated product life
cycle information including design, manufacturing, supply chain and so on. The
model could provide support to custom-configure of products. In literature [79],
product structure model was defined as a multi-layered product functionality /
behavior structure class system. It was expressed by the composite tree, and not
contained a specific product or component. Product configuration process was a
process of instantiating product structure model. The author also introduced the
concept of virtual modules. The expansion modules which is not existing but the MC
enterprise could design and manufacture were introduced into the configuration model.
In literature [80], the definition of the product template was set first, then the ordered
tree model of product configuration was built. On that basis, the product configuration
process was analyzed. Rapid product configuration design based on product design
template was studied in literature [81][82]. Different methods were used to build a
product configuration template in the two literatures. For specific industrial robots
product, literature [83] provided a heterogeneous modular structure, including a slider
module, scalable module, rotation module, hinge module as the basis or toolbox for
the industrial robot development. Literature [84] developed a heterogeneous toy robot
platform. Customers with non-professional knowledge can configure different toy
robots using different modules based on their own interest

In practical applications, the customer participation design first appeared in the
service, clothing, furniture industries, and later the most widely used in the computer
field. For example, the Dell computer of United States provides customers with
complete customization capabilities. Customers can choose the right components on

its website according to their needs, and then the components will be assembled to a
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personal computer by Dell company. Due to the composition structure complexity and
the high manufacturing costs of the mechanical products, less customers participate in
the design. But in recent years with the development of industry technology, there
have been customization for large-scale mechanical products, such as the US trucking
company Paccar, which achieving customized mode. There will not be two identical
trucks in one production line.

1.2.1.3 Reconfigurable robot technology

In1988, the first reconfigurable robot was developed at Carnegie Mellon
University [85]. Followed by many Europe and America countries have begun to
study reconfigurable robots. Reconfigurable robot is composed of a set of
exchangeable modules which have different sizes and performances, and it can be
assembled into a variety of different configurations in order to adapt to different
required work [86].

Reconfigurable robot is generally realized by a modular design approach.
Modules have a certain autonomy and perceptual skills, and each module has a
uniform interface for transmitting force, motion, energy, and communication [87].
Reconfigurable robot can change configuration by the help of outside force. In recent
years, more research is self-reconfigurable robot, which is the extension of
reconfigurable robot. It can change its configuration independently without outside
help. In the self-reconfiguration process, the most critical issue is how to express
robot module to complete configuration changes. The literature [88] expresses the
robot module as shown in figure 1-3 (a). 9317 represents the module unique number.
1234 represents the four faces around the module. The three-dimensional module can
be transferred into a plane graphics by figure 1-3, and then the correlation matrix is
used for the plane graphics transformation. One of the configuration using the plane
graphics modules is shown in figure 1-3 (b). The literature [89]divide the industrial
robot modules into rotation (Rotary, Swivel), Translational, Link, as represented in
Fig. 1-4 (a). The different configurations composed of these modules are represented
as Fig 1 - 4 (b). These methods have a strong focus on the module structure
information, but not expressing specific motion parameters information of the
module.

In addition to the module expression, the research contents of reconfigurable

robot also include module division and platform building oriented by reconfigurable
robot[90][91], module configuration [92][93], the reconstruction design methods of
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modular robot [94][95][96], dynamic and kinematic modeling [97][98][99],
self-reconfigurable robot motion planning [ 100 ]. These literatures research
reconfigurable robot from the different stages of the configuration design theory,
including the previous module division, module expression after division, the
reconstruction method from module to robot, as well as the later dynamic
performance solving, etc. These researches provide a solid theoretical foundation for

robot configuration design.

(a) Module expression for robot

(b) Robot configuration
Figure 1-3 Homogeneous robot expression method!®®

S:swivel R:rotary  T:translational L:link

(a) Standard industrial robot modules
12



CHAPTER 1 Introduction

SR, ~
S
R Lo
TR s
it A SR
g ,Llfifju‘;\ 9 SR v TR -
&N 1y 7
i e
i == ~ A
TR I IR RS- L4
P - =)=
L Tl
77777 N T
£l
RS( )
i
SR
T - |

S:swivel R:rotary  T:translational L:link

(b) Different configurations of industrial robots

Figure 1-4 Expression of industrial robots !

Currently, many research institutions have been developed reconfigurable robots,
such as the HexBot of Sharjah University [96], SuperBot of Southern California
University [ 101 ], YaMoR (Yet Another Modular Robot) of EPFL(Ecole
Polytechnique Fé&lé&ale de Lausanne) [102]. These reconfigurable robots are all
homogeneous system which is the same as shown in figure 1-3, and the modules are
basically the same type. Also there are many heterogeneous robots like figure 1-4,
such as Recrob of Technical University of Cluj-Napoca [103], SMART of
Universidad Politéenica de Madrid [94], Odin of University of Southern Denmark
[104], etc.

Industrial robot belongs to robot. Since 1962 the United States developed the
first industrial robot, many countries have started the design and development of
industrial robot [105]. The research on reconfigurable industrial robot are more
concentrated in the practical applications, and there are many industrial robot
enterprise with mature technology worldwide, such as FANUC and YASKAWA of
Japan, American Robot and Emerson Industrial Automation of America, ABB of
Sweden, KUKA of Germany, COMAU of Italy, etc..

The industrial robots of manufacturing companies have been realized in a
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reconfigurable modular structure. But due to the non-unification of the upper standard
and due to technical security in companies, industrial robots can only achieve
modules reuse within the same company, and cannot achieve matching across

different companies. This factor limits the user’s configuration design.

1.2.1.4 Component technology in software engineering

Component technology is evolved from the object-oriented design.
Object-oriented design is an systematic approach using the object-oriented idea to
software development process to guide software development activities, and the
constituent elements include classes, objects, encapsulation, inheritance,
polymorphism, messaging [106]. In this approach, the objects in reality are mapped to
the software objects. The real world is reflected by building links and interactions
between the objects. Component technology is a further development of
object-oriented technology. First component is a program body with specific function,
and it can be able to work independently or be assembled together with other
components [107]. Component technology packages the program as component, and
provides the user with services through the interface hiding implementation process.
Through reuse existing components, component technology reduces the complexity of
software products, and shortens the development time [108]. Currently, the
components framework modes include COM (Component Object Mode)developed by
Microsoft, COM+, Distributed Component Object Mode (DCOM), CORBA (common
object Request Broker Architecture) for UNIX developed by the Object Management
Group and Java Beans [109]. The study includes components development and
description for different areas [110][110][111], component obtaining[112][113],
component  management and  maintenance[112][ 114 ],  component
evaluation[115][116][117].

As a leading-edge technology for software engineering development, component
technology has been widely applied to different areas of software systems. The more
applications in industrial is the configuration software and open CNC system. The
concept of configuration is a terminology from the computer field [118]. The
implication is that the use of component technology to develop software that allows
users to configure the needed software system using components. Then the
configuration starts to use in the industrial areas, and the software who can configure
the industrial process monitoring and control system quickly for industrial users is

called configuration software. Currently, there are many configuration software
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companies, such as the INTouch and Fix of United States, Citech of Australia, WinCC
of Germany [119].With the increasing requirement for automation, customization and
integration, the configuration software needs to be integrated with more discipline,
such as the fieldbus [120], ethernet [121], distributed systems [122]. Open CNC
system is a standardized, replaceable, scalable, reconfigurable hardware and software
systems, and the system modules have plug and play compatibility [123]. Academics
have been carried out in-depth study for the realization of open CNC system, such as
the cross-coupled controller of University of California [124], distributed control
systems based on the IEC 61499 standard of the University of Auckland in New
Zealand [125]. In practical applications, the Ford, GM, Chrylser and other companies
of United States have jointly developed an open and modular architecture controller
for the automotive industry; three machine tool companies (Toshiba Machine, Toyoda
Machine Works, Yamazaki) of Japan and three information systems development
company of Japan (IBM, Mitsubishi Electric, SML) jointly proposed a hierarchical
model for controller. Modules of each level have a clear service contents and interface
specifications; the OSACA (Open System Architecture for Control within Automation
System)  program  proposed by  European  countries  developed a
manufacturer-independent architecture control system [126]. As can be seen, the study
of the component technology is already very mature in theory, and also has been

widely used.

1.2.2 The research status summary and analysis

Currently, for the configuration design, reconfigurable design of hardware
products, and component design of software product are all focus on the product
modularization and modules configuration to reuse the design results. On this basis,
how to further push forward again to achieve customer directly participating in the
configuration design is currently one of the hotspots. Due to industrial robots involves
many fields, the configuration of the product can’t be put into use immediately. It
needs to ensure that the kinematic and dynamic performance, resonance, accuracy of
the configuration meet the criterions, and therefore the appropriate way needs to be
taken to ensure the success of the design results.

Scholars explore the solutions of industrial robot configuration design from
different technical point of view, and also give the necessary attention on customers
directly participating in the design process. These researches enhance the rapid
response capability of industrial robots, but there are still some problems:
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a) Modular industrial robot is the basis for configuration design, but the existing
research on the industrial robot modules have stayed mostly on specific
product, and the description of the module focuses on the specific structure.
Configuration design not only includes configuring the product structure, but
also can be able to characterize the module structure, kinematics and
dynamics parameters in the system layer;

b) The researchers studied on robot configuration independently and were
limited to technical details. But the crucial point of the configuration design
success is to have enough modules to choose. How to develop a unified
module standard, integrate the standard modules together to configure, and
study the entire configuration design process from a management perspective

for industrial articulated robots?

1.3 Thesis significance and main research contents

1.3.1 Research significance

Combining the product configuration design theory with characteristics of the
industrial robot, the thesis researches the user-customized configuration design
method for industrial robot. Firstly, the business mode of user-customized
configuration design is given, and the mode is simulated. Then the key technologies
to realize product design platform are in-depth studied, including component
expression, configuration template design, configuration internal algorithm design and
other issues. The design platform integrates various types of participants (including
customers, suppliers, manufacturers, etc.), allows customers to match, retrieve, and
optimize the components according to personalized requirements. Platform will allow
more companies to participate in the design and manufacturing engineering, while
also reducing design iterations. It solves the contradiction between diversification
requirement and manufacturing cycle and cost. The study provides a new approach for
modern product design. The research is not only used in design and management for
industrial robot, but also can be extended to various types of mechatronics products,
such as machining center, automobile, aircraft and other products, which having a
wide range of practical applications.
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1.3.2 The structure of research contents

Around the issue of how to implement user-customized configuration design, the
thesis do research mainly from four aspects, including user-customized configuration
design pattern introduction and simulation, industrial robot component expression,
user-customized configuration design template building, internal algorithm analysis.
Based on these four issues, the thesis is divided into seven chapters, and the
relationship and the role of the main chapters are shown in Figure 1-5. The core
chapters are from chapter 2 to chapter 6, which describe the key issues needed to be

addressed.
‘ Chaperl
- Identify | Introduction
| problem |
Analyze the deficiencies of existing research and future research
trends, find the current problenis,determine the research direction
Chaper2 User-Customized Configuration
Design Pattern
Determine the proposed pattern, point out
the key technology to gchieve the pattern
Key Key Key
technology 1 technology 2 technology 3
,,,,,,,,,,,,,,, Chapter3 Product Chapter_4 USE_F-CUSIO_mIZGd Chapter5 Internal algorithm
Solve component modelin configuration design for user-customized
problem P g template for industrial robot configuration design
Provide Provide Provide algorithn]
and support
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Summarize
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Chapter7 Summary and outlook
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Figure 1-5 The overall structure of the paper
In chapter 1, research direction is determined by studying the status analysis. The
research status of design method such as modular design, product family design,
configuration design, reconfigurable robot design, object-oriented design of software,
of software, and

component-based design the ontology-based knowledge
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representation is summarized. By analyzing the deficiencies of existing research and
future research trends, the research direction is determined combining with the current
problems faced by industrial robot design.

In chapter 2, the user-customized configuration design pattern is put forward in
view of the characteristics of industrial robot. The related concepts are expounded,
including pattern, configured product, component, service-component, user,
user-customized configuration design, design platform, etc. Then the corresponding
business mode of user-customized configuration design pattern is given according to
business mode elements, and the key technologies to realize business mode is studied.
Finally, system dynamics models were established for user-customized configuration
design business mode and for traditional business mode of industrial robots by
Anylogic simulation software.

In chapter 3, the multi-field components in the real world composing an
industrial robot is formalized. Object-oriented thinking and ontology is analyzed. On
this basis, the service-component is introduced. Service-component is used to describe
component. Service-component is composed by the ontology layer, object layer,
management layer. And a description method case of service-component is illustrative,
which shows that the service-component can comprehensive describe the multi- field
component of industrial robots.

In chapter 4, the user-customized configuration design template for industrial
robot is built. The industrial robot user-customized configuration design template is
constructed through analyzing the industrial robot composition structure. The
kinematics and dynamics analysis on template is taken by Simscape model. The finite
element analysis on template is taken by ANSY'S, including statics analysis and modal
analysis. And the configuration template is analyzed in application.

In chapter 5, the internal algorithm for user-customized configuration design is
provided. The platform-based and user-leading user-customized configuration design
process is studied. The process gives the operations of user, the tasks finished by
platform, the model and database needed by platform. Then the internal algorithm to
keep the design running smoothly is studied, including the degree of freedom
determination, fuzzy demand calculation, and service-component configuration.
Finally a case analysis is taken for the internal algorithm.

In chapter 6, a prototype system of product design platform on the basic of the

theory study is designed. Firstly, system requirements analysis, system design is
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carried out. And then the main interfaces are designed.
In chapter 7, the main research work and innovation of the thesis is summarized,
and the next work is prospected.
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CHAPTER 2 USER-CUSTOMIZED CONFIGURATION DESIGN
PATTERN

In general configuration design pattern, the user is responsible for proposing
requirements, the designer is responsible for product family designing based on
requirements, and then configure the product family into customized products based
on user’ requirements. In user-customized configuration design pattern, the final
configuration is not completed by designer but completed by the user according to
their own needs. In this pattern, the designers release basic functional modules via a
configuration platform, the users configure product on the platform, and the platform
ensure the product effectiveness configured by users. Through this pattern, the
iterations between designer and user can be reduced, and more companies can
participate in the design and manufacturing process, which facilitates the development
of industrial robot industry.

2.1 Theoretical Basis

The user-customized configuration design pattern drew on service-oriented
architecture (SOA) of software development. As stated in the introduction, software
development has experienced the process of process-oriented development,
object-oriented development, component-based development, and service-oriented
architecture. Each kind of method has a higher level of abstraction and reuse than the
former method. The industrial robot design method and software development method
learn from each other in the development process, and there are a lot of similarities as
shown in figure 2-1.

Process-oriented software development is programming by functions, similarly,
the initial product design method design product according to the required functions
and the implement process of the function.

In order to improve the efficiency of programming, object-oriented development
method is put forward. The real thing is abstracted into object, and programming
efficiency could be improved by object reusing. In the mechanical products design, in
order to reuse the previous design result, designers also commonly apply
standardization parts structure directly to the design process rather than starting
design from the basic functional analysis, which actually treat parts as the object, and

complete design through to the object reuse.
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Either in function flow design or standardization parts design, the result gained
from design activities is a complete set of design drawings. The product seen by user
is a complete product manufactured according to the design drawings, but they can’t
see the internal structure of the product, also don't know how the product is design.
Similarly, in process-oriented and object-oriented development, the analysis and
design result is a complete programming. What the user sees is the software product
through running the programming, but they can't see the internal programming

structure of the software.
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Figure 2-1 Similarity comparison between industrial robot design method and software
development method
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In order to achieve a higher level of reuse, component-based development
method is put forward. Object belongs to the concept space, but the component
belongs to the physical space, and it is a physical part of software product. The
component encapsulates the implementation process, and only interacts with the
outside world through interfaces. Through assembling different components, different
systems could be formed. Component-based development liberates software
developers from the programming. It allows software developers no longer study at
the low-level details of programming, but focus on how to integrate the components
to the required software system. Unlike the process-oriented and object-oriented
development, in component-based development method, what the user sees is not a
whole software product, but a software product assembled by different components.

Users can clearly understand the structure of software product, and also can delete or
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replace a component without affecting the entire product. Configuration design
method of industrial robots is similar, which encapsulates the parts and components
with specific function to physical modules with standard interfaces. Designers no
longer focus on design drawing of specific parts, but more focus on reusing previous
module and assembling modules into the product. What the user sees is no longer an
integral whole product, and the product can add, remove, or replace one module

according to need.

Service-oriented architecture is based on component-based development. It does
not study at how to develop a specific software product, but makes demands on
software development from macro architecture level. Under this architecture, different
components can be encapsulated as service, and then be published to the network. The
software developers complete their business through accessing services distributing in
different server. In this architecture, everyone can publish services as a service
provider, and also can invoke the service of others as a service requester. At present
the modular design and configuration design of industrial robot already has a mature
research. Therefore, compared to the service-oriented architecture in software
development, the design method of the industrial robot can also be a step forward.
However, as a kind of mechatronics products, the industrial robots module reusing
can’t be achieved by simple network access, and it needs manufacturing, logistics etc.
in the real world. Also the modules configuration can’t be achieved just by interfaces
integration, but need to consider the mechanical performance, electrical performance,
kinematic and dynamic performance etc. in the configuration process. Due to these
differences between software product and industrial robot, it is infeasible to simply
imitate the service-oriented architecture of software development. Based on this, the
thesis propose user-customized configuration design pattern of industrial robots to
guide the industrial robot design.

2.2 Related Concepts of User-Customized Configuration Design
Pattern

Before giving the definition of user-customized configuration design pattern, the
concept of pattern should be clarified. A classic definition was given by Alexander et
al.:Each pattern describes a problem which occurs over and over again in our
environment, and then describes the core of the solution to that problem, in such a
way that you can use this solution a million times over, without ever doing it the same

22



CHAPTER 2 User-customized configuration design pattern
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way twice[“']. A design pattern is a solution to a recurring problem [*°]. In general,
design pattern is used in software engineering to solve problems in code design. There
are two key elements in the concept of design pattern: problem and solution. Based on

this, user-customized configuration design pattern is defined as follows:

Definition 1 (User-Customized Configuration Design Pattern):In the process
of industrial robot configuration design, [Problem]the rework of design often arises
because of not meeting customer’s requirement completely. To solve this
problem,[Solution] a product platform is provided, designers publish basic
components to the platform as service-component (SC), component manufacturers
select appropriate component to manufacture, and users customize product by
invoking SC on the platform according to their own needs. This solution to solve the
problem is called user-customized configuration design pattern.

In this pattern, the final configuration is not completed by the designer but by the
user according to his/her own needs. Through this pattern, the iterations between
designer and customer can be reduced, and the configuration design time can be
shortened. Through the product platform, all stakeholders of industrial robots can be

integrated to achieve and validate the whole configuration design process efficiently.

When not specified, the product mentioned in the thesis refers to industrial
articulated robot. The related concepts in definition 1 are introduced below. The first
one is the concept of component. In mechanical product, the component is composed
of parts. In user-customized configuration design pattern, the component is defined as
follows:

Definition 2 (Component): Component in user-customized configuration design
pattern is part or component of mechanical product that encapsulates internal structure,
and can enter into assembly phase directly on the premise of meeting interface criteria
in certain field.

The definition could be understood from following points:

1) Component is a physical entity, component consumers could assemble
components into products through a simple way similar to "building blocks",
and the product composed of components could add, delete or replace some
components according to needs.

2) Component owns standard interfaces and could be used by different products.
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Component interface and structure is divided. It exchanges energy, matter
and information with the outside world only by interface.

3) The premise behind assembling product by components is that the
component is available. The standardization of component interface
determines the possibility of mass production, so the component can be
circulated in the market at a lower price and users can obtain components
easily.

The definition of component is given to increase the diversity and convenience
of the user optional components. The industrial robot of manufacturing companies has
been realized reconfigurable modular structure, but due to the upper standard not
unified and technology blockade in companies, industrial robots can only achieve
modules reuse within the same company, and cannot achieve matching across the
companies. This factor limits the user’s configuration design. The component
provides a standard interface, and encapsules component structure which the
companies are highly sensitive to but customer is not concerned about. Companies
can implement the same interface by different techniques. In this way, companies can
release components on the premise of maintaining core technology. Component
encapsulation also blocks technical view for the users, which makes it easy for the
users to configure product.

It's important to note that the concept of module and component can be easily
confused. In the research of mechatronics product modularization, a module refers to

the physical realization of a function [**°

]. The module focus on dividing the
components of the product into several parts (which is called module) according to
the dependencies between components, and each module has an independent function.
For example, in reconfigurable modular robot, a module usually contains processors,
motors, transmission devices, etc., and the module can be tested and run

independently [**°][**].

In the research of user-customized configuration design
pattern, a single component doesn't necessarily realize one independent function. It
focuses on encapsulating part or component of mechanical product, and the

interaction between components is achieved through standardized interfaces only.

In fact, the concept of module and component are not completely different. With
the continuous development of product modularization research, the module interface
is also required to be standardized, which is identical to the requirement on
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component. For highly modular product, a module of the product can become a
plug-and-play component by being encapsulated. On the other hand, the idea of
modularization can be introduced into the design of component. The components
having more interaction could be designed as a module, and then encapsulate this
module to a big component. Doing this could reduce the workload of configuration
design.

It can be known from definition 2 that component is a kind of physical entity,
and it exists in realistic physical space. But the user-customized configuration design
activity is not assemble the actual physical components, but for virtual assembly in
the computer. Components, therefore, need to be described abstractly for computer to
identify. The service component is used to describe physical component, and its
specific definition is as follows:

Definition 3 (Service-component, SC): Service-component is the abstract
description of component using formal language based on specifications.

The connotation of service-component includes the following aspects:

1) The SC is a conceptual model that can be stored in the computer, and it is the
abstract description of physical components in the real world.

2) SC description a component framework rather than a specific component,
which only have properties but no properties values. It needs to be assigned
to describe specific component.

3) In service-oriented architecture of software development, the software
components are encapsulated as services, and software developers could
complete their business by invoking services rather than using component
directly. Similarly, users could complete virtual product assembly by
invoking SC in the computer rather than using physical components directly
in the real world.

The third concept needs to be clarified is user. In user-customized configuration
design pattern, the user is defined as follows:

Definition 4 (User): User refers to all people that can make design activities.
There are two kinds of user: the enterprise or individual that use the product directly
(i.e. customer); the enterprise or individual that provides product solution for product
end-user.
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The fourth concept needs to be clarified is user-customized design. Its definition
is as follows:

Definition 5 (User-customized configuration design): Under certain constraint
conditions, user assembles SC selected from the SC library, and then obtains product
design results satisfying his/her own needs.

By user-customized configuration design, a configurable product is obtained. In
configuration design field, there are a lot of definitions about configurable product.
For example, a product is configurable when each individual product is adapted to the
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needs of a particular customer order [**“]. A configurable product is also defined as a

product which is composed according to the demands of a particular customer order
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based on a generic product structure [°].The main feature of a configurable product

is its modular structure, and the possibility to create individual products by selecting

different predefined components [**

]. In design process, the configurable product is
generally composed by common components and special components [**°].For
industrial robot, common components are the components required in different
products, such as the wrist, the drive system, etc. Special components are used to
achieve a specific function for different users, such as the various sensors,
end-effectors, etc. In industrial robots design, a design template can be built by
distinguishing different component types, which can improve the configuration
efficiency. Based on a comprehensive collection of existing research, the concept of

configurable product is defined as follows:

Definition 6(Configurable Product): Use ©o"CP to represent common

m

SpeC. éCometi
components, and °P¢“Plto represent special components. Set = as the
é”SpeCpt
collection of ComCpt;  and = " as the collection of SP¢CPL | Product is

represented by P, and
P= C{é ComCpt, » é_ SpeCpt, }.
i=1 i=1

Wherein, X, y, m, n is integer,
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iCometf - iCameti iSpeCpIi c ZSPeCPt,-
i=1 i=1 , =l i=1 .
C refers to constraints. The constraints here refer to the rules must to be
followed to guaranty the product feasibility when assembling components to product.
For example, when one gear meshes with another, the required transmission ratio
determines the number of gear teeth; when a sensor is connected with a controller, not
only the interfaces but also the communication protocol need to be consistent, etc.

The last concept needs to be clarified is design platform. A platform is usually
used to achieve a synergy of sales force automation, product design, manufacturing
planning, and supply chain management within a consistent framework['®]. It
provides information sharing and communication mechanism for all the participants

in user-customized configuration design pattern. The definition is as follows:

Definition 7 (Design Platform): The design platform is formed of hardware and
software environments and technical processes supporting user-customized

configuration design pattern realization.

The platform realizes user-customized configuration design pattern, so it must be
open. The openness is embodied in three aspects: the first is that people using the
platform are diversified, so it must be able to be used by all stakeholders such as users,
component manufacturers, designers, etc.; the second is that the enterprises publishing
SC on the platform and the enterprises using SC through the platform are diversified,
so the platform must provide component release criterion, and components meeting
the criterion can enter the platform as SC. The SC publisher could use SC as SC user,
and the SC user also could SC publisher to publish SC on the platform; the third is
that the user can not only design product by their own, but also can choose design
results finished by other users, so the platform must support all users design product
and share design result.

On the open design platform, the more basic components could be invoked by
more variety of industrial robot, but also increase the configuration complexity for the
user. As a result, the component designer should consider the technical issue of
component granularity. The component designer should find a balance between
increasing component sharing and decreasing configuration complexity, and design
the component according to the interface criterion of the platform. In the short term,

these requirements increase component development cost. But in the long term, the
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components with appropriate granularity will be called more frequently after
user-customized configuration design pattern is received by people, as a result
component develop companies can get more benefits. These benefits are the driving
forces for the component develop companies to improve component design

continuously.
2.3 Business Mode Analysis
2.3.1 User-customized configuration design business mode

From the definition 1 we know that user-customized configuration design pattern
is a guidance method. The guidance method takes design method changing as the core,
and the changes of development approach bring the role changes of relevant
enterprises such as industrial robots manufacturers, parts providers and developers in
industry chain. As stated in the introduction, the existing business mode can’t adapt to
user-customized configuration design pattern completely, and it is necessary to
research a new business mode to ensure the smooth progress of this design pattern.
The business mode of user-customized configuration design pattern is shown in figure
2-2. Each participant’s activity and its interactions with other participants in the mode

are as follows:

D Customers design product on the platform, or purchase product designed by

other designers. Then pay online and create order;

@ Customers publish the requirement that can’t be met by user-customized
configuration design or purchase on the platform, and other designers could view

these requirements and propose solutions;

@ Designers design component or product according to the published
requirements and then sell the design result on the platform;

@ Component manufacturers accept order online, also could purchase the design
result designed by designer to manufacture;

©@Component manufacturers deliver the component purchased by customer to
product provider through offline distribution. The product provider is also the
platform creator. It is responsible for establishing experience store in various areas
and providing after-sales service for the product designed in user-customized
configuration design method. The product provider assembles component to product

according to customer’s order in the experience store, guides customer on using the
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product, and then deliver the product to product logistics provider;

©®The product logistics provider selects appropriate logistics project for the
product and then distributes the product to customer;

@ Quality supervision departments supervise the various products and service
quality of the participants, and ensure that the entire process and the final products
meet national standards. Platform service provider provides technical support for

platform running.
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Exchange
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Figure 2-2 User-customized configuration design business mode

In the whole process, the first four steps are online activities, and the fifth step is
offline activity. The trading activities taken by designer on the platform belong to the
C2C mode. Any individual with the ability to design can sell their own design results
through the platform, and also can purchase other designer's design results. Customer
purchases components online, and accepts components distribution offline. This
activity belongs to the B2B or B2C mode-- B2C when the customer is individual and
B2B when the customer is enterprise. Customer creates product order online and
experiences product and services in offline store, this activity belongs to the 020
mode. Therefore, user-customized configuration design business mode is a new mode
with a combination of all kinds of existing business modes. This mode unifies all

29



CHAPTER 2 User-customized configuration design pattern

participants in the supply chain, and manages the logistics, cash flow, information

flow effectively.

Design platform is the core participant of the business mode. It doesn’t provide
product manufacturing service, but it provides customized product services,
experience product service, assemble product service and after-sale service. These
services provide customer a lot of additional services while purchasing product. Also,
the platform allows designers to trade their design results, which make the designer

obtain economic benefits.

Due to provide various services for customers, the platform can gain numerous
customers visits, and this is the motivation for component manufacturers and
designers to register on the platform. The activity of each participant centers around
user-customized configuration design. The design method provided by platform and
the whole process depended by the design method is unique to the platform. Other
enterprises can imitate an information system, but they can't replicate the
user-customized configuration design method. So this business mode has

non-repeatability and strong competitiveness in the market.
2.3.2 Key technologies of user-customized configuration design business mode

Through the figure 2-2, it can be found that all participants’ activities online must
depend on the design platform, that is, the realization of the design platform is the
core of carrying out the business mode smoothly. In the process of realization there
are the following several key technologies to be solved:

The representation of robot modules is the basic for configuration [**'][***], so the
unified expression method of the industrial robot component needs to be determined
firstly. The necessity of components representation embodies two aspects: firstly,
industrial robot components involve different fields, including mechanical
components, electrical components, etc., and it does not only consist of a physical
connection between the various components. The connection involves electrical parts,
control signals, etc. In order to store all of the components on the same platform, the
unified expression method of the multidisciplinary component needs to be determined,;
secondly, the platform has openness. All potential users having design capabilities can
act as designers and publish their own design results on the platform, so there will be
a very large number of components on the platform. To platform can accurately call
the released components and component providers can quickly search various
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components, some criterion need to be satisfied with when the components being
published.

Secondly, a user-customized template for industrial robot needs to be developed.
The platform supports user-customized configuration design, but users are not
professional designers, and hence cannot guarantee the manufacturability and rational
construction of the product. Therefore, on the base of components expression, the
platform needs to provide a customized template to guide the user in the design

activities. A customized template is defined as follows:

Definition 7 (Customized configuration design template): The template is a
generic and abstract product structure composed by SC. User instantiates the structure
via assigning to the SC, then products model with specific features can be obtained.

The connotation of customized configuration design template includes the

following aspects:

1) The external view of the template is similar to actual product, and it is a simple
view on behalf of the general product structure, which can be understood quickly
by the user;

2) Inside the template it contains mutual constraints between service components.
Each part of the final product model obtained by the template meets the
constraints, which ensures the feasibility of the configuration result;

3) The template provides the performance calculation of the final configuration
result, including kinematics, dynamics, vibration, accuracy, etc. The calculation

results are visually represented to the users;

4) The final product model consists of instantiated service components. These
components have a one-to-one correspondence to physical components, and a
practical physical product can be assembled through contrasting product model.
The physical product is in conformity with the data provided by the template in
terms of performance.

Thirdly, the user-customized configuration design process needs to be analyzed.
In the process, the configuration orientation of each step must be determined by the
user. At the same time, the user's operations should be as simple as possible and leave
most of the work to platform. As the platform is responsible for providing a variety of
functions such as the SC instantiation method, instantiation order, component retrieval
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method, parameter calculation, etc., it is necessary to study on various algorithm of
the platform.

2.4 Validation of Proposed User-Customized Configuration Design
Pattern through Simulation

Based on the configuration design theory and SOA idea of software development,
the thesis puts forward user-customized configuration design pattern. In software
development, the software component can be obtained by running the completed
programming. Compared with traditional software development method, the
advantage of this architecture can be reflected intuitively. But as shown in figure 2-2,
after design activity finished, the industrial robot components need to be
manufactured, transited, etc., and the business mode running is not as simple as the
software. So the advancement of the business mode remains to be further validation.
In this section, system dynamics models for the user-customized configuration design
business mode and traditional business mode are built to analyze their design and
production process. System dynamics is a modeling and simulation method that is
widely used in production process, and it is very suitable for the simulation of

complex dynamic systems [**°

]. The performance advantage of the proposed model is
validated by simulation analysis, which provides rational basis for realizing product

design platform next step.

2.4.1 Analysis of traditional business mode and user-customized configuration
design business mode

As a kind of mechatronics product, industrial robot can achieve a certain degree
of configuration design at present, that is, some common features can be realized by
reusing previous design results, but on the whole the product still needs to redesign
according to the needs of customers. So the entire process of traditional business
mode belongs to engineering-to-order. The company designs products according to
users’ requirements, generates orders, and organizes production processes based on
the orders. The operation process of the entire traditional design and production
process of industrial robot is shown in Figure 2-3. Users put forward their demands,
the design department of the company designs several products to meet the needs of
each user, and then the production department arranges the production plan. The
entire production process begins with basic components manufacturer. It produces
components and parts in accordance with orders, and promotes the entire production
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process to downstream until the products are submitted to users.
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Figure 2-3 Traditional business process of industrial robot

In user-customized configuration design pattern, the production mode is
assemble-to-order. The platform is the core of the whole process. Design, manufacture,
assembly and other departments work in cooperation. The running process is shown

in Figure 2-4.
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Figure 2-4 User-customized configuration design process of industrial robot

The user selects service components from the service component library
according to the clarified needs, configures the product on the customized
configuration design template, and sends his/her order to the component manufacturer
after the completion of configuration design. The product provider assembles the

components to product based on the user's order. Various component manufacturers
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publish their components on the platform, and then a component library is formed, in
which the components can be selected freely. The core of the whole process is the
assembly stage. Product provider purchases quantitative standard components in
advance as inventory, hence the company can arrange for the assembly activities
immediately when they receive customer orders. At the same time, the company
continues to purchase components based on the number of orders and inventory.

2.4.2 System dynamics model

Chen Guohua and his research team proposed a system dynamics simulation

method of different supply chain mode [**°

]. But they focus on delivery ratio research
and did not consider the design pattern influence on order. Based on their research and
the analysis of the entire design and production process in section 2.4.1, the
simulation models of the two business modes are built using system dynamics on
Anylogic simulation platform. In system dynamics model, "stock™ is used to describe
things increasing or decreasing over time in the real world. In the process of things
increasing or decreasing, the "flow" generated, and the difference between inflow and
outflow of the stock is the stock value. "Parameter” represents a constant or variable
outside the model which having impact on the model running. "Auxiliary" represents

the internal information of model, and it describes the relationship between variables.

The system dynamics model of traditional business mode is shown as Figure 2-5.
The entire process contains two parts: order processing and product production.

On the step of order processing, new demands emerge continually in market. It
takes time to design products according to demand, so the stock "Demand
accumulation (DA)"generates in the case of the demand not being met immediately.
The value of DA is decided by the difference between its inflow demand generate rate
(DGR) and outflow order generate rate from demand (OGRFD). The company started
to design products after receiving users’ demands, transfer product requirements into
orders, and then began to arrange production according to orders. In this process, the
order generate rate from demand is determined by "Demand accumulation™ / "Design
time (DT)".Order accumulation (OA) is determined by the difference between its
inflow order generate rate from demand and outflow order finished rate(OFR).The
order accumulation minus the orders have been processed (including the orders being
processed-"Processing semi-finished products inventory(PSFPI)"and the orders have
been completed - "Finished products inventory(FPI)") is the required semi-finished
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products order quantity (SFPOQ).
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Figure 2-5 Traditional business mode

On the step of production, semi-finished products need to be purchased after
receiving orders from design department, so there is no semi-finished products
inventory at first. It takes some time to become products from semi-finished products,
so the stock "Processing semi-finished products inventory (PSFPI) " generated in
production process. Similarly, the stock "Finished products inventory (FPI)"generated
because it is not possible to delivery all the finished products immediately. On this
step, the stock "Processing semi-finished products inventory"” is determined by the
difference between its inflow semi-finished products order rate (SFPOR) and outflow
manufacturing rate(MR). Similarly, the stock "Finished products inventory" is
determined by the difference between its inflow manufacturing rate and outflow
product shipping rate (PSR). The product order is finished when the product begins to

be shipped, so the product shipping rate is equivalent to the order finished rate.

The system dynamics model of user-customized configuration design pattern is
shown as Figure 2-6. The process also contains two parts: order processing and

product production.

On the step of order processing, this pattern also generates stock "Order
accumulation (OA)", which is similar to the traditional mode. The accumulated orders

minus the finished products order (FPI) is the component quantity to be assembled
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(CQA). Notice, however, that the users design the orders by themselves, and the
design time is the time required for each user in order to design their own products. It
is different from the first pattern, whose design time is the time needed by the design
department in order to design all orders. Assume that every user’s design time is the
same, so the demand generation rate (DGR) moves backward a length of design time
on the timeline is the order generate rate (OGR).
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Figure 2-6 User-customized configuration design business mode

On the step of production, since the components used in design process are
selected in the component library, company can purchase a certain amount of
components from the component provider in advance as target inventory. On the
premise of maintaining normal production, the inventory is as little as possible. In this
case, company can immediately plan for the assembly using the inventory of
components when the user orders arrive. When the component inventory is less than
the target inventory, the components are ordered in time, and the component order
quantity (COQ) is determined by the difference between component target inventory
(CTI) and component target inventory (CI). The stock "Component inventory (CI)" is
determined by the difference between its inflow component order rate (COR) and
outflow assembly rate (AR).

2.4.3 Simulation results and analysis

Before simulation, the model parameter is set. The simulation time unit is set in
day, the simulation step is set in 0.2, and the simulation length is set in 80. The

generation rate of demand in line with a normal distribution whose mean is 10 and
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variance is 10.The random number distribution area of the normal distribution is
[0,20].At the thirtieth day, the generation rate of demand is changed. Its mean is
changed from 10 to 15. When the user demand generation rate increases, the
components target inventory in the second pattern is modified into 35 by assembly
department in order to accommodate the increase of demand, while the assembly time
and shipping time is modified to 3 days. Similarly, production time and shipping time
will be adjusted to two days in the first pattern when the user demand generation rate

increases.
The model parameter setting and variable formula in Figure 2-5 are as follows:

Table 1 Parameter settings for traditional design model

Parameter Initial value  Parameter Initial value

Production time (PT) 3 Processing semi-finished products 0
inventory (PSFPI)

Delivery time (DeliveryT) 3 Finished products inventory (FPI) 0

Manufacturing time (MT) 3 Demand accumulation (DA) 0

Product Shipping time 3 Order accumulation (OA) 0

(PST)

Design time (DT) 3 Demand generate rate (DGR) normal

distribution(10,10)
Table 2 Flow settings for traditional desigh model
Flow Formula

Semi-finished products order rate

Semi-finished products order quantity / Preparation time
(SFPOR) P a y P

Processing  semi-finished  products inventory /

Manufacturing rate (MR) Manufacturing time

Product shipping rate (PSR) Finished products inventory / Product Shipping time

Preparation time (PreT) Production time + Delivery time

Semi-finished products order quantity Order accumulation —Processing semi-finished products

(SFPOQ) inventory —Finished products inventory
Order generate rate from demand . L

Demand accumulation / Design time
(OGRFD)

Order finished rate (OFR) Product shipping rate

For comparison of the overall performance of the two systems, the initial value of
time in Figure 2-6 is set to the same value as in Figure 2-5. The specific settings are as
follows:
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Table 3 Parameter settings for user-customized configuration design model

Parameter Initial Parameter Initial value
value

Delivery time (DeliveryT) 3 Component inventory (CI) 30

Component target inventory Finished products inventory

(CTI) (FPI)

Assembly time (AT) 3 Demand accumulation (DA) 0

Product Shipping time (PST) 3

Design time (DT) 3

Order accumulation (OA) 0

Demand  generate  rate normal
(DGR) distribution(10,10)

Table 4Flow settings for user-customized configuration design model

Flow

Formula

Component order rate (COR)
Assembly rate (AR)

Product shipping rate (PSR)
Component order quantity (COQ)

Order generate rate (OGR)

Order finished rate (OFR)

Component Quantity to be assembled

(CQA)

Component order quantity / Preparation time
Component Quantity to be assembled / Assembly
time

Finished products inventory /Product Shipping time

Components target inventory - Component
inventory

Delay(Demand generate rate, Design time)

Product shipping rate

Order accumulation - Finished products inventory

The resulting order generation rates of the two patterns are shown in Figure2-7.

Simulation results for production inventory and orders accumulation are shown in

Figure 2-8.
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The simulation results are based on the following assumptions:

@D The time required to design a product in figure 2-3 and 2-4 is the same.

Because the models only simulate the whole process from demand generation to
product delivery in the two modes, and don’t simulate the specific product design

process and design time of the two modes.

@ When designing the same product, the performance of product designed

through the two modes is the same.

@ In figure 2-4, the components in component library can fully meet customers’

demand.

The companies organize production after receiving orders in these two patterns,
thus order backlog will appear as shown in simulation results. In the case of the same
user demand generated rate, order backlog of traditional pattern is more than 100, but
the order backlog of the new pattern is only about 60. This result means that the
response speed to user demand in user-customized design configuration pattern is
much faster than in the traditional pattern. In addition, the inventory level directly
determines the production cost of the products. From Figure 8a and 8b, the total
amount of processing semi-finished products and finished products inventory
achieves stability at about 50 in traditional production pattern, while the total amount
of component and finished products inventory achieves stability at about 30 in
user-customized configuration design pattern. The result shows that the latter pattern
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ensures faster response speed to user needs in low inventory level.

When user demand mean is changed from 10 to 15, the inventories of these two
patterns do not change significantly after the system reaches a steady state. But in
Figure 2-8a, the order backlog increases about 10, and in Figure 2-8b the order
backlog does not change significantly. The result shows that the adaptability of the
latter pattern is stronger when user demand is changed. In traditional design pattern,
even if the company adjusts production capacity, the orders accumulation will still
increase due to the transportation time constraints of semi-finished products.

In addition, the design time of the two patterns are set to 3, but Figures3and
4show that in traditional design pattern, the product is designed by the company, and
in user-customized configuration design pattern, the product is designed by the user,
which means there are as many designers as there are users. Therefore, from the
perspective of the entire market, the actual design time of the new pattern is shorter
than the traditional pattern, so as to shorten the time from demand generation to final
product sent to users.

In the initial set up stage, the types of industrial robots designed by users on the
platform are very few, and some components are needed to be redesigned by
professional designers to meet most demands. But with the continuous development
of the platform, as many more people are increasingly using the platform to design
and purchase product, more and more components development companies or
individual will publish their components on the platform for users calling to obtain
benefits. When the number of components published to the component library is large
enough, the majority of user demands can be meet through the platform by
user-customized configuration design. Then the advantages in terms of inventory cost
and user order response quality will be reflected and the companies and users will
achieve a win-win results.

2.5 Chapter Summary

According to the characteristics of industrial robots, user-customized
configuration design pattern is presented to achieve rapid development of industrial
robotics. Firstly the theory source of user-customized configuration design pattern is
introduced, and then the related concepts are expounded. Secondly, the corresponding
business mode of user-customized configuration design pattern is given, and the key
technologies to realize business mode is studied. Finally, system dynamics models
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were established for user-customized configuration design business mode and for
traditional business mode of industrial robots by Anylogic simulation software. The
simulation analysis proved that the proposed design pattern has obvious advantages in

cost and user order response than traditional mode.
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CHAPTER 3 COMPONENT-BASED MODELING FOR PRODUCT
PARTS

Product is constituted by parts. In user-customized configuration design pattern, the parts
meeting certain interface standard are called component. The real-world physical components
could be stored in the computer after formal description, and this is the basis for
user-customized configuration design. The description method depends on the intended use.
Bai Jing uses matter-element model to desicribe product module in the design process of

CNC system configuration [**

]. This model is mainly focused on the use of the module in the
configuration process. The proposed user-customized configuration design pattern in this
thesis is implemented on an open platform. There will be more and more of the components in
the platform component library. How to efficiently and accurately find the needed
components is a problem to be considered. Ontology-based product representation is to solve

the problem of efficient retrieval [***][**

]. But in the existing literature, the ontology
representation can only solve the problem of efficient retrieval, but can not provide support
for the use of components. Based on the above analysis, this chapter build the
component-based modeling of product parts, and provide support for the retrieval and use of

the product components.
3.1 Component-based theory and method
3.1.1 Formal description method of things

Formal methods are mathematically based languages, techniques, and tools for

specifying and verifying complex systems [**

]. Formal methods are commonly used
including algebraic method, the state machine, Petri nets,etc.. However, a common drawback
of these methods is that they can’t be corresponded directly to the real world, so the the
transition from the real world to the formal model is difficult. Object-oriented thinking
provides a description approach which corresponding real world. The method view things in
the real world as objects. To be able to carry out a computer simulation of the real world, the
things in real world are abstracted to the objects in computer. However, the number of things
in the real world is very much. Representing every thing in the computer is unrealistic, and is
not necessary. So the objects having the same attributes and behavior are packaged to class.
For example, in the real world there are a lot of people. when described in the computer, the
people can be abstracted as a Person class. In the specific use, the class is instantiated to a
specific person (such as Jack) by value assignment for this class. This person has all attributes

and behavior of the Person class. Figure 3-1 illustrates the object-oriented thinking by an
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planting example.
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Figure 3-1 Object-oriented thinking

In the computer, object-oriented thinking builds links and interactions between the
various classes in a way closing to human thinking, and ultimately reflects the real world. The
implementation method can be hiden by encapsulating, the class can be extended by
inheritance, and different execution results with the same object can be achieved by
polymorphism, etc.. These characteristics make the system easy to be maintained and and
extended.

3.1.2 Ontology and domain of discussion

Ontology is a philosophical concept. It researches the nature of things existing. In the

%], Domain

computer field, ontology is an explicit formal specification of conceptualization [
of discussion is a collection of entities as research objects in particular area. For example in
the study of industrial robots, the domain of discussion is all the parts that constituting
industrial robots. Setting up the research domain of discussion is D, the conceptualization of
D is represented as a triplet structure <D, W, R>. Where W is the largest state of things in D
(or the largest possibly world) collection, R is the collection of concept relationships in

domain space [**°

]. The conceptualization is defined clearly, and represented formly which
can be understood by the computer, then the ontology is constituted. The ontology cantains
five basic modeling elements: classes, relations, functions, axioms and instances. Usually

classes is written to concepts [**'

]. The concept can represent anything, the relationship
represents the interaction between the concepts, the function is a special relationship, the

axiom is on behalf of true statement, instance is on behalf of the element, i.e. the object.

Ontology describes domain of discussion through the five modeling elements, and
establishes links between the computer and the domain, so that the computer can understand
the domain of discuss to be studied from the semantic level. Because of the relationship
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between concepts, the computer can perform semantic reasoning, which is the reason that the
use of ontology representation method can improve the recall ratio and precision ratio of
concepts.

The ontology and object-oriented thinking both have the concept of class and object, but
the use purposes of the two concepts is different. Object-oriented thinking is applied to the
realization process of specific system such as software system or a certain thing. The
description of the class is focus on the class operation achieved in the system. It is a
functional level of description. The description of semantics in the object-oriented method is
based on natural language, and there is no precise definition. For example, in a system there is
a class A. For A, it can have different semantic interpretation, and the different semantics
don’t affect the achievement of the system. The ontology describes the common knowledge in
domain from the semantic level. It does not focus on how a specific class playing a role in the
system, and describes the location of the class and the interaction between classes in the
domain of discuss from the knowledge level. These descriptions can be seen as domain
knowledge to achieve a specific system in future. The objects and classes in object-oriented
thinking are at different levels. The object will not appear in the class diagram, and the object
diagram is a description of the system state at a certain moment. But the object in ontology is
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an important part of the ontology, and it is a concept with the smallest size [*™]. Class can be

seen as a collection of objects, they exist in the same body.
3.1.3 Componentization and servitization

From the definition 2 of Chapter 2, it can be known that the most critical issue for
changing the product parts into components is the component interface. When the parts are
released to the platform, no matter how the internal structure of the part, as long as the
interface meets certain standards, and can be replaced with other part having similar functions,
it can be said that the part is in line with the componentization standard. In user-customized
configuration design pattern, the interface standard is defined and released by the platform.
This process of unified specification and definition for the product parts’ interface is called
componentization. After componentization, the product parts become components with
standard interface.

From the figure 2-5 in Chapter 2, it can be seen that in the user-customized configuration
design pattern, users design product on the network design platform, rather than assemble the
physical components in the production site. Therefore, the premise of the design is to
formalize the component, and release the component to the platform to provide users with
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configuration services. This process is called the servitization for component. After

servitization, the components become service-component, and be stored on the platform.
3.2 Component-based modeling for product parts
3.2.1 The object model of component

The parts will become components after the interfaces of parts being standardized.
According to object-oriented representation, the component could be described from attribute
and operation. Simultaneously according to the definition of component, the component
encapsulates the internal structure of parts, and interacts with outside only by interface. So the
interface is also an important parameter to be described. The object layer of
service-component could be described as follows:

Ob ={Atr, Int, Ope, Inc} (3.1)

Atr is the attribute set of S. Atr={a;,a,,...an}, Wherein a; is the component technical
feature such as power, size, inertia, weight, etc. The domain of value of Atr is represented to
Atr'={ a;’, a,",...an’ }, and the special value of Atr is represented to Vatr={ Vay, Va,,...Va, },
similarly hereinafter.

Int represents the interface of S, and Int={iy,iy,...in}. The i, describes component
information interacting with outside such as the physical interface type, physical interface
attribute and physical flow through the interface. The physical interface type contains
mechanical contacting type such as kinematic pair; data transmission type such as interface
connected by data cable; non-contact type such as infrared data interface. The physical
interface attribute contains mechanical interface size, interface communication protocol, etc..
The physical flow contains signals, data, energy, physical entity, etc.. When there is a
connection relationship between two components, there must be two matching interfaces on
the two components. The meaning of matching includes the same interfaces type, the same
interface attribute, and the same physical flow. The interface is a special attribute, and all the
invocations for the service-component must via the interface;

Ope represents the operation of service-component, and Ope= {01,0,,...0;}. The o;
describes the function/service provided or relied by the component;

Inc is the constraint relations of the service-component’s attribute, and Inc= {cy,C,,...Cx}>
wherein c¢ describes the impact on other attributes when one attribute inside the
service-component changing. Inc can be represented by a set of constraint equations or
production rules. In the constraint of Inc, the attribute or attribute value could be changed,
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which makes the service-component could be extended within a certain range. When the Inc
value is empty, the service-component is a standard component and can’t be extended.

3.2.2 The business model of component

The object model of component describes the technical parameters. while the business
model of component describes the component from a management point of view, and it can be
expressed as follows:

Ma={m;,m,,...my}, where m; represents the information needed by the platform
management such as service-component version, creation time, the publisher, frequency of
use, manufacturers etc., and the information issued by the manufacturer such as component
suppliers price, origin, ease of use, adequacy of supply, delivery, etc.. Ma also belong to the
data attribute of ontology concepts, but it does not describe the essential properties of the
component. It is the information generated and used in component publishing, manufacturing
and using. For a platform integrating stakeholders, Ma is essential information for platform
running and maintenance.

3.3 The servitization of product component
3.3.1 Representation based on ontology

Component-based description model of the product parts make the user can use
component in specific product configuration design. However, it is needed to release the
component model to the platform as service-component according to certain specification, so
that user can find the needed components, and the component can truly provide service for
user. In this chapter, ontology-based representation is used to unify the concepts of the
component-based description model. Record the domain of discourse to D, and the ontology
description of D is O, there is:

O0=<C,RAI> (3.2)

C={c1,C2,....cn}, wherein C is the concept set of O. The concepts contain general
concepts suc as torque changing, support, etc., and also contain concepts representing S such
as base, servo motor, etc. There is formula C<D.

R={r1,ry,...rm}, wherein R is a binary relation set between concepts, and there is formula
RECxC. ri(cy,cy) means that there is r;relation between the concept cyand cy. In this relation,
the domain of definition of r; is c,, the domain of value of r; is c,. The relation has direction,

for example, r; (cx,cy) is different from r; (cy, cx), and r; (Cx,Cy)= -ri (Cy, Cx);

46



Chapter 3 Component-based modeling for product parts

A={a;,a,, ....an}, wherein A is an axiom set of O.
I={i1,l5, ....In}, Wherein | is an instance set of O.
3.3.2 Description method for service-component
The service-component is recorded to S, there is:
S=<I1D,0n,0b,Ma> (3.3)

Wherein, ID is a unique identification for S, On is the ontology layer description for S,
Ob is the object layer description for S, and Ma is the business layer description for S.

According to ontology representation method, there is:
on={c;,R" } (3.4)

RYcR, and it is the relation set between S and other concepts in D. R¥={r";,r,, .../},

wherein r; means that there must be a concept cjhaving a r! relation with concept c;.

In ontology theory, the binary relation between concepts could be seen as a special
attribute called relation attribute. The value of relation attribute is the concept. For example,
for the concept c;, there are relations r®, (ci,cm), ry (Ci,Cr) in the ontology, so the concept c; has
relation attribute r,, and the domain of value of this relation attribute is {Cn, C1}.

In addition to relation attribute, the ontology concept also has data attribute. The object
layer of service-component represents the relation attribute. Data attribute is the natural
character of the concept itself. For example, the Ob and Ma of S is the data attribute, and the
value range of data attribute is the parameter value of Ob and Ma.

The two types of attribute is shown in Figure 3-2. In the figure, concept cy has relation
attribute r;, data attribute a;. The value of r; is ¢, which means there is r; relation between cy
and ¢y, and the value range of a; is a;"-

O <
concept data
] O

relation attribute  data attribute

: > value rang
attribute of attribute

@ attributes
concept :> owned by

concept
Figure 3-2 Two types of attribute of concept

The service-component is presented as the concept of ontology, and then the relationship
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between the concepts are added. So that the domain knowledge reuse is realized.
Service-component describes the component from three layers of ontology, object, business.
The role of the three layers in user-customized configuration design is shown in Figure 3-3.
Which object layer for user-configured components to provide technical parameters. The
ontology layer offers standardized components concept description and relationships with
other concepts, and ultimately for the user to retrieve the components required to provide
support, but also for the designer body parts distribution services provides a standardized. The
business layer provides information as well as manufacturing component designers design
components through the management information platform to provide users with the best

service parts database.

User-customized -
configuration design s =

Provide support for
retrieval

/ l /Y X :
74 “;J' NS> S SO s
\ : . o te % > B RG |
_ _ N |
'/5 SN 2
Vipy 10\ X&) 6 ‘ > CoE >
ey 5 S (% e B @
7, ~L§ UM’
&~/ component Z
Pl
< model

\\r)

&/ Service-

\’)

Price, publisher, etc.
Business layer

T~

/Product design

) platform

Provide the best / Provide releasing
service-component | L specification

Figure 3-3 The role of service-component
3.3.3 The service-component instantiation

In object-oriented thinking, the process of class assignment to becomes an object is
called instantiation. But through formular 2.3 it could be known service-component is not
only an abstract class in object-oriented thinking, and also an concept in ontology. So there
are two meanings for the instantiation in this article: object instantiation and component

instantiation. The definitions are as follows:

(Definition 3.1) Object instantiation: Product designers assign a unique value for each
parameter of service-component. This process is called object instantiation. After object
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instantiation, the service-component becomes component object, recorded as AS.

(Definition 3.2) Component instantiation: Component manufacturers manufacture the
component object to he physical component in real world. This process is called component
instantiation. After component instantiation, the component is added to instance collection of

ontology and stored as knowledge.

The instantiation process of service-component is shown in figure 3-4. Object
instantiation enables users to design producr using the component object in the computer, but
the component object is still an abstract model present in the component. The component
instantiation enables users to obtain the actual physical product. And by adding the instance to

ontology instance collection, helps users can quickly find the needed components.

Domain ontology for
industrial robot

/// /’\ ///
R (S) /
/o008 o[
S R _ /Added to instance
O [] (;s) /" collection
Object f‘ 3 A Manufactured
instantiation T compnent;
F A8 A ALY 1
777777777777777777777 [ Component instantiation
e V- ——
Q ® o O O A
Concept COHCEP,t Data Relationship Instance Service- _
representing  attribute component object

service-vomponent
Figure 3-4 The instantiation process of service-component
3.4 The formation and extension of service-component
3.4.1 The formation process of service-component

From the object-oriented perspective, the service-component is an abstraction of
component object, and the parameter value set of the component objects constitute the value
range of the service-component. From the ontology perspective, the service-component is a
collection of component instances. Service-component is created by the platform, and the
formation process is shown as figure 3-5. The value range is composed by the component
objects released by designers and the component instances released by component

manufacturers. The specific process includes the following two aspects:

1) Based on user demand on the market, designers design components, describe the
components as component objects and then release them to the platform. The platform
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abstracts the component objects with the same C; as one service-component. Each parameter’
value range of the service-component is composed by the parameter value of component
object. But these component objects have not been manufactured, so there are no actual
physical components. The physical components can be obtained after the component
instantiation, as shown by the solid line arrows in figure 3-5;

2) Component manufacturers describe the manufactured components as component
objects in accordance with the criteria of the platform, and then release them to the platform.
The platform will classify these component objects as a service-component. If the object does
not belong to any service-component that already exists on the platform, the platform will add
a new service-component. The component objects released by the component manufacturers
have component instances inherently, so it can be add to the instance set of ontology directly
without component instantiation, as shown by the dashed line arrows in figure 3-5.
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Figure 3-5 The formation process figure of service-component

3.4.2 The extension mechanism of service-component

In the user-customized configuration design process, the user demands for
service-component are diverse and constantly changing. Fixed service-component can’t
provide a good user experience. Service-component needs to be extended appropriately
depending on the circumstances. Therefore, the service-component must provide the
extension mechanism, but at the same time the extension can’t be unlimited. Because
unlimited extension may cause unexpected changes in the performance of the

service-component,which will result in failure of the configuration design.

The four tuples structure of the service-component is fixed, which ensures the stability of
the service-component. The service-component extension starts from object layer. By

modifying the technical parameters of the object layer, the service-component realizes the
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extension. And the controling of technical parameters extension is realized by the Inc inside
the service-component. Inc sets rules about the extension boundaries of the
service-component. The extension of the service-component should follow the rules. The
extension has strong adaptability and flexibility while maintaining a stable structure. With the
development of new technologies, the extension rules may change, so Inc also provides a
variable view for external releaser. The service-component can be updated through upgrading
Inc by the service-component releaser, and there is no need to change other parameters of the

service-component.

The extension process is shown in Figure 3-6. The extension is divided into three levels

from the bottom up:
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Figure 3-6 Service-component extension

1) It is known from the formation process that each service-component is composed by
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component objests. So each attribute of the service-component has a value range. By assigned
different values, the service-component can be instantiated to different component objects.
When the value range of service-component can’t meet the demand, the value range of Atr
and Int in Ob need to be extened. The extension essence is to add new component object to
the service-component. The value range extension does not vary with the attributes changes
of the upper layer in service-component, but it will cause the value range changes of Ope, R,
Ma in the same layer;

2) When the value range extension can not meet the demand, the attributes of Int and Atr
in Ob need to be extended. There are two ways for the attributes extension: one is to realize
the interface extension by Int invoking other service-components. For example, the controller
can connect the sensor through an interface. By invoking the sensor the controller adds the
awareness capabilities and realizes function estension. This extension way is simple and direct
way, and it is a prior attribute extension way; the other is to achieve the external interface
extension by modifying the internal structure of the service-component. By this way the
changes of service-component is large. Only when the interface extension can’t satisfy
demands will this way be used. Both ways will lead to attribute changes of Atr, Ope, R°.
When attribute extension is completed, the value range of the attribute in lower has also
changed. It should be noted that Ma attributes describe some fixed business information, and
therefore Ma constituent elements can not be extended, but its value range will be changed
depending on the value range changing of other attributes. The extension of attributes and
attribute value range is not random, and they are constrainted by Inc;

3) Finally is the Inc extension. When more advanced design method or manufacturing
technology appears, the constraints that service-component must comply with may be reduced,
and then lead to the changes of Inc. The Inc extension will not cause a change in
service-component, but it brings changes of extensible space for service-component attribute.
The attribute extension will lead to a greater changes on value range of attributes. The
amplification effect layer by layer makes the Inc extension to have the largest influence on
service-component. Therefore, the Inc extension is rarely used. Usually the extension of the
first two layers can meet demands.

User can extend the attribute and the attribute value range. The Inc extension is only be
taken by the service-component releaser. The three levels is extended from the shallower to

the deeper, and make up the service-component extensible space together.

52



Chapter 3 Component-based modeling for product parts

3.5 Case Study: Industrial robot ontology and core components modeling
3.5.1 Industrial robot ontology modeling

Steps to build the ontology include determining the concepts, the level of concepts, the

relationship of the concepts and adding instances [**°

]. Concepts in the field of industrial
robot can ontained by enumerate through consulting experts. The concepts of the industrial
robot domain established in this thesis consist of three categories, one category is industrial
robot types divided according to the function, including welding robot, handling robot,
palletizing robot, clean robot, coating robot; the second category is the components
constituting an industrial robot, including general mechanical system, electrical system, drive
system, sensor system, motor, actuator, base, pillar, joints, as well as some unique end finger;
the third category is the functions provided by industrial robots and its components, including
providing power, increasing torque, welding, handling, etc. As shown in Figure 3-2, each

concept of the ontology contains data attributes and relation attributes.

There are four basic relations in ontology, including the whole and the part relation
(part-of), the father and son relation (kind-of), the concept and attribute relation (attribute-of),

1501 According to the characteristics of

the concept and instance relation (instance -of) [
different areas, it can have other relations. Combined ontology and object-oriented thinking,

this thesis will determine the relation of industrial robot domain as the following eight types:

Ha: represents has-a relation. Ha(Cx,Cy) represents that C, is a non-essential part of C,.
E.g. Ha (industrial robot, infrared sensor), represents that infrared sensor is part of an
industrial robot, but not all industrial robot has an infrared sensor. This relation can also be

expressed by -Ha (infrared sensor, industrial robot) ;

Ca: represents contains-a relation. Ca (Cy, Cy) represents that Cy is the essential part of
Cyx. E.g. Ca (industrial robot, base), indicates that any industrial robot must contains the base;

As: represents associate-of relation. As(Cy,Cy) represents that there is a necessary
business logic link between Cy and Cy outside the four relations above. E.g. As (motor,
actuator), indicates that the motor and the actuator need to be used together;

At: represents attribute-of relation. At(C,Cy) represents that Cy is the arrtibute of Cy. E.g.
Ar (base, weight) represents the weight is an attribute of the base;

lo: represents instance-of relation. 10(Cy,Cy) represents that C, is an instance of Cy. E.g.

lo (motor, XX type motor) represents XX type motor is an instance of the motor;

Ac: represents achieve-of relation. Ac(Cy,Cy) represents that Cy is the realization of C,.
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E.g. Ac (change torque, transmission) represents transmission can realize the function of
changing torque;

Do: represents depend-on relation. Do(C,,Cy) represents that C, depends on Cy. This is a
dependency relation between instances with a higher degree of coupling than As relation. E.g.
Do (XX type motor, XX type actuator) represents XX type motor must be mapped to XX type
actuator;

la: represents is-a relation. la(Cy,Cy) represents that Cy is a sub-concept of C,. E.g. Do

(sensor, infrared sensor) represents infrared sensor is a type of sensor.

In this eight relations, Ha and Ca all belong to the relation of part-of. The association
strength of whole and part can be desined more precisely by dividing this relation into two
types, so that it can provide more accurate conceptual semantics for the user-customized
configuration design. The first seven relations belong to the horizontal relations between
concepts, and the last relation is a vertical hyponymy relations between concepts. The concept
level in domain can be cleared by defining the concept hyponymy relations.

When creating industrial robot ontology, the concept level i.e. hyponymy relation neens
to be cleared first. In protégeelear the concepts with the farther and son relation are added,
and then the concept level of industrial robot domain ontology is formed as shown in figure
3-7. Then, the horizontal relations between concepts are analyzed, and then the seven
horizontal relations are added to the concepts. Finally, instances is added to the concepts, and
the industrial robot domain ontology is shown in figure 3-8. The parts with €
markrepresents instances. Most concepts in industrial robot domain ontology have more than
one instances. Limited to the space, they are no longer listed the figure.

The original industrial robot domain ontology is established by summing up experiences
and expert knowledge. In actual use process, some problems may occur due to the different
realities. So that the ontology needs to be modified and improved repeatedly, and ultimately

domain ontology can describe the real world t accurately.
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Figure 3-7 The concept level of industrial robot domain ontology
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3.5.2 Service-component servitization for industrial robot

The following examples show how to formally describe the components of industrial
robots as service-component and how to instantiate the service-component in to the specific
component objects.

Example 1: harmonic reducer formal description

This concept of reducer exists in ontology, and the concept stores various attributes and
attribute value range of the reducer. According to the needs of the market, a designer designed
a new harmonic reducer for arm joint of industrial robot. The designer described the harmonic
reducer according to the service-component standard as shown in Figure 3-9.

After described, the result can be released to the platform as a component object.
Platform will add the parameter value of this component object to the value range of the
reducer in ontology. In the future configuration design process, this component object can be
invoked by user as object instantiation result. Since the component instantiation process has
not been taken for this component object, the manufacturing-related information in Ma is
empty. If the users select this component object in design process, they can’t get the physical
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Figure 3-9 A description examples of harmonic reducer

Suppose a manufacturer chose the above reducer in component objects of platform to
produce according to their production capacity, that means the component object will become
a specific component through the component instantiation process. After produced, the
manufacturer, component price, origin, delivery, type, the supply of the factory in Ma are
assigned to x company, ¥ 580, Zhejiang Province, 3 days, S530MY, > 1000. The platform
stores this component to the reducer instance set of ontology as an instance. If the users select

this component instance in design process, they can purchase it directly.
Example 2: Base service-component instantiation extension

User invokes the service-component of base in the design process. The value range of the
size parameter in ontology is {height (20,30,40), radius (10,15,20), thickness (5,8,10)}, as
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shown in figure 3-10. For simplicity, the figure only indicates the parameters related to
extended. By bbject instantiation, three base object size is get: {(20), (10), (5)}, {(30), (15),
(8)}, {(40), (20), (10)}, which is shown in figure 3-11.

_______ i
(5,8,10)

Figure 3-10 The value range of base

10

Figure 3-11 The base object after object instantiation

For some users, the height of these three objects can’t meet the requirements. Therefore,
the users extend base service-object on attribute value range level. The third base object
whose size is closest to the requirements is extended, and its height is extended to 45. In order
to ensure the support strength of the base, the Inc parameter of the base object specifies the
relationship of the height and thickness, i.e., whenever the size of height increase 1, the
thickness increase 0.1. Therefore, the thickness of the base after extended also changes to 10+

(45-40) * 0.1 = 10.5. A new base object after extended is get, and its size is {(45), (20),
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(10.5 )}. Subsequently, the users carry out object instantiation on the wxtended
service-component by assigning to other parameters of the service-component one by one.
Then a extended base is get as shown in Figure 3-12, and users can invoke this component

object to design.

After the user completing service-component extension, platform needs to update the
service-component of ontology according to the extension result. The value range of size of
base is updated to {height (20,30,40,45), radius (10,15,20), thickness (5,8,10,10.5)}.
According to the service-component extension mechanism of figure 3-6, it can be known that
the extension of Atr may lead to the extension of Ope, R, Ma. In this example, the increase
of the size range of the base, results in the attribute “corresponding motor type” of Ope is
extended, and a larger size of the motor type is added to the attribute “corresponding motor

type”.

Figure 3-12 The extended base object

+ .
mechanical

\

| ®bae |

+ A | T -
upper_Arm
PR T ) forearm
pillar

Figure 3-13 The value range of base relation attribute

Similar to the component objects released by designer, there is no instance of the
extended base object in the ontology instance set. The physical base only can be get after
component instantiation. The extended base manufactured by a manufacturer company is
shown in Figure 3-14. This base is added to the ontology instance set. The platform adds the
component prices, manufacturer company and other manufacturing-related information of the
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instance to the value range of Ma. So that it can be invoked by users in the future.

3-14 HAFSEBIAL 5 ) FE

3.6 Chapter Summary

The component-based theory and method are studied, including the formal description of
things, ontology representation, componentization and servitization. On this basis, the
componentization description model is established for the product parts. And the model is
represented as service-component. The service-component includes ontology layer, object
layer, business layer. The object instantiation and component instantiation of the
service-component can support the users design process. Next, the formation process and
extension method of service-component are introduced. Finally, an example of industrial
robot components modeling is analyzed. Firstly industrial robot domain ontology is
established by prot&é€ and then the description method, instantiation process and extension
method of service-component are illustrated.
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CHAPTER 4 USER-CUSTOMIZED CONFIGURATION DESIGN
TEMPLATE FOR INDUSTRIAL ROBOT

To implement user-customized configuration design, only the predefined
service-component library is not enough. What stored in service-component library stores is
professional technical parameters of service-component, but the user-customized
configuration design belongs to system-level design, and it is not possible for the designer to
understand the underlying constraints between service-component. Therefore, the
user-customized configuration design template for industrial robot is given in this chapter. As
a bridge to connect service-components and users, the template can guide users to take
configuration design activities. The structure of industrial robot is relatively fixed which
offers the possibility for the establishment of user-customized configuration design template.

4.1 Industrial Robot Composition Structure

Industrial robot is composed of mechanical system, drive system, control system and
sensing system. As shown in Figure 4-1, the contents of the dark box represent different types
of the same layer, and the contents of light-colored box indicate different constituent parts of
the upper layer.

Waist joint
| [Gripping
fingers
Shoulder joint -
| | Welding
End effector gun
s
system Elbow joint
gun
—‘ Forearm —{ ‘
N Chain
‘ Industrial _{ Control Wrist joint [~ transmission
R m
obot syste! _,W‘ || Geéll' -
Drive ‘ transmission
Power system Belt
|| transmission
Transmission Turbo
system : | transmission
Sersing L fForcesensor] L |

Figure 4-1 Industrial robot composition

From the figure, it shows that the mechanical body includes base, pillar, upper arm,
forearm and end effector. Depending on the task, the end effector is different, such as sucker,
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gripping fingers, welding gun, spray gun, etc. Drive system includes power system and
transmission system. Power systems including drive, motor, and transmission system contains
chain transmission, gear transmission, belt transmission, turbo transmission and so on.
Control system does not belong in the content of configuration design which is studied in this
paper, so it doesn’t be researched here. Sensing system includes infrared sensor, force sensor,
ultrasonic sensor, etc. The sensor can be selected according to the needs of the robot to make
robot has a certain awareness capability.

The existing of some common industrial robots are shown in Figure 4-2 (a). Between the
base and the pillar is waist joint; between the pillar and the upper arm is shoulder joint;
between the upper arm and forearm is elbow joint; between the forearm and the end effector
is wrist joint. Point P is the wrist reference point. Driven by the drive system, the waist joint
rotates around the z-axis, and .the shoulder and elbow joint rotates around the y-axis. Waist
joint, shoulder joint, and elbow joint form three positions degree of freedom (DOF) of
industrial robot, and wrist joint have 0 or more posture DOF. The more DOF the industrial
robot has, the more flexible of the industrial robot movement. But it also will lead to the
complexity of control. Therefore for the degree of freedom, more is not better. Usually 3 to 6
degrees of freedom can meet most requirements. By pose transformation, industrial robots can
move in space and perform different tasks. In the process of moving, the set of point that P
can reach constitutes the industrial robots’ working space. Work space is closely related to the
angular range that industrial robots’ joints can reach. With ABB's IRB120 for example, the
published work space is shown in Figure 4-2 (b) below.

KUKA spot welding robot KR180-2  KUKA small scale robot KR5 ABB robot IRB120

(@) the existing of some common industrial robots
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112

580 580

(b) industrial robots’ working space
Figure 4-2 The existing of some common industrial robots and working space
4.2 User-customized configuration design template establishment

The configuration design template is established according to the structure of industrial
robots. And it provides designers straightforward view in the form of a mechanical schematic.

4.2.1 Template graphic elements

From a mechanical point of view, industrial robot is an open chain structure composed by
rod-shaped parts which are connected by kinematic pair. In the user-customized configuration
design process, users only configure the whole structure and the movement pattern of
kinematic pair, and not design the specific structural of components. Therefore, the
mechanical schematic which ignores the specific structure of component is taken to establish
the template. The mechanical schematic symbols used by the template are shown in table 4-1.
In table 4-1(a), the symbols are taken from 1S03952/1-1981, 1S03952/2-1981,
1ISO3952/3-1979. And the symbols in (b) are needed here but not taken from 1SO.

Table 4-1 Template symbols from 1SO (a)

Components 1SO3952 Components of 1SO3952 Components 1SO3952
of industrial standard industrial standard of industrial standard
robot symbol robot symbol robot symbol

) ) A Plane rotation Translation

Rotation pair ):l _ _ —Q—
pair pair
Rack(fixed
Screw pair _@_ Shaft —_— (k) Ve e
rac

63



Chapter 4 User-customized configuration design template for industrial robot

Continued from Table 4-1

Components 1SO3952 Components of 1SO3952 Components 1SO3952
of industrial standard industrial standard of industrial standard
robot symbol robot symbol robot symbol
Belt/chain Gear
Coupler —} ’— @’ I
P transmission transmission
prime motor . . LI
—E— Electric motor -Eb— Bearin ——
(universal) J [

Table 4-2 Template symbols (b)

Components of Symbol | Components of Symbol Components of Symbol
industrial robot industrial robot industrial robot
i i
End effector Actuator H Sensor nig

4/a)

[eoe][=ed|

[eoe][=ed|

Undetermined
transmission Way

Connection
relation

Undetermine
d DOF

Figure 4-3 User-customized configuration design template

The industrial robot user-customized configuration design template is shown in figure
4-3. The template contains basic elements of building an industrial robot. Each joint of the
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robot contains a prime motor, a reducer and an actuator corresponding to the prime motor.
Actuator is usually installed outside of the robot, and is connected to the motor by control line.
The contents in the dotted box represent undetermined elements, and they will be determined
by users, then the dotted line will become solid line. For example, the undetermined
transmission way can be belt transmission, gear transmission, chain transmission and so on.
The undetermined DOF is wrist joint DOF. The sensor can be in installed in some part of the
robot as needed. L1 ~ L4 represent the lengths of base, pillar, upper arm, forearm respectively.
00-Xo-Yo-Zy is the absolute coordinate system. It takes the earth as a fixed reference, and it is
regardless of the position and orientation of the robot. O;-X3-Y1-Z; is the base coordinate
system. It takes the base surface o of the robot as reference, and the default is generally the
same as the absolute coordinate system. O-X-Y-Z; is the tool coordinate system. It takes the
end effector as reference, and it provides a reference for the end effector relative to the robot
body. 0,~03 represent the angles of the three position DOF. The base coordinate system is
adopted to the three angles, and the positive rotation is counter-clockwise.

4.2.2 Template Parameters

According to the content of the dotted box in figure 4-3, the parameters of template
needed to be determined are as follows:

Ps={Nbor, Tkp, Tos, T1r, Tse, Tee, Wee, La} (4.1)
Npor is the number of DOF;

Tkp={ Tkp1, Tkp2,.. Tken}- Tkpi IS the kinematic pair type of the ith DOF, n is the number
of DOF;

Tos={ Tos1, Tos2,.. Tosn}- Tosirepresents the prime motor type which provides motive for
Tpi. It is usually a motor except under exceptional circumstances;

T={ T, Trr2,.. Tt} Trvi represents the transmission way used by Tgpi. It is usually a
gear reducer except under exceptional circumstances;

Tse={ Tse1, Tsez,.. Tsem}- Tsei /U represents the type of the ith sensor, m is the number of
sensor used in the template;

Teeis the end effector type, and it is determined by the robot task;
WEee is the maximum load imposed on the end effector;
L, is the minimum length of the robot arm, and it determines the work space of the robot.

Ps represents the static parameters needed to be determined in figure 4-3. In addition to
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these, some dynamic parameters need to be input to the template. The dynamic parameters Py
are represented as follows:

Pa={ @p, Ap, @ee, Ace } (4.2)
w, represents the velocity of point P;
A, represents the accelerated velocity of point P;
wee represents the velocity of end effector;
A represents the accelerated velocity of end effector.

After determining the template parameters, it will become an industrial robot template
composed by service-components. Through value assignment to the service-components, the

template will become a specific product composed by service-component objects.
4.2.3 Internal constraint of template

In the value assignment process of service-components, the following constraints should

be followed:
T* @ <TgpiP woeeeeees -(4.3)
TkpiNs Niggg= e -(4.4)
Trei. min 1 T imax - (4.5)
Tkpi- Trated™ < Tri. Trated."=**"*"""" (4.6)
5 <(Jioad/i’)! Tkpi-d <20 (Non-fixed value, and can be adjusted
according to usersneeds)  oeeens r 4.7)

La<Ls+Llg--  eeeeen (4.8)
If Sihas connection relation with S

Then 3S;.Int, = S;.Int, - (4.9)
Where the respective symbols have the following meanings:
T;: The maximum torque of the ith DOF, and the value is given by the technical model in next section;
w;:The angular velocity of the ith DOF;
Tkpi.P: The prime motor’s power of the ith DOF;
Tkpi-N: The prime motor’s rotate speed of the ith DOF;

Nioad: Load speed (n/min);
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I:reduction ratio;

Tri. Imin: The transmission’s minimum reduction ratio of the ith DOF;
T1ri-imax. The transmission’s maximum reduction ratio of the ith DOF;

Tkpi- Trated: The rime motor’s rated torque of the ith DOF;

Trri. Traed: The transmission’s rated torque of the ith DOF;

Jioad: The load moment of inertia (kg M3,

Tkpi-J: The prime motor moment of inertia of the ith DOF;

The formula (4.9) means that there is at least one matched physical interface between two connected

sercive-components.

Internal constraints of template are the basic constrained which must be met between the
components. They guarantees the feasibility of the final configuration result, and other
constraints set by users to industrial robot must be able to meet these basic internal constraints
first.

4.3 Kinematics and dynamics analysis of template parameters

Configuring product through template ensures that the static parameters of industrial
robot meet the user’s requirements. But it can’t guarantee that the dynamic characteristics of
the final product can meet the requirements, such as the required torque of joint rotation
should be calculated according to the user's velocity and acceleration requirements. Therefore,
the corresponding technical model for template is needed to analyze the dynamic parameters
of industrial robot, including work space solving, kinematics and dynamics analysis, etc. As
the dynamic characteristics constraints of service-components, the analysis result could
provide reference for user-customized design process. The kinematics and dynamics analysis
software commonly used contains Simscape, Adams, Pro / MECHANICA and so on. In this
paper, Simscape is used for the kinematics and dynamics analysis.

The Simscape is a platform for multi-domain modeling and simulation of physical
systems launched by MathWorks company. It can build model for a variety of physical fields
of mechanical, electrical and others using physical blocks, and obtain the desired results fastly
without building complex calculus equations manually. When the corresponding technical
model for user-customized configuration design template is being built, the required Simscape
modeling elements are as shown in Table 4-2.

Table 4-2 Simscape model elements
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Figure Meaning

Weslgeszj  Body Represents the rigid bodies of base, upper arm, etc in the template.

| ¥ b Dissssembled | Represents the revolute pair. The two rigid bodies connected by this
Revolute can make relative revolution around a particular axis.

The element which can applied force, angular velocity, torque to the
joint.

A *:Q;:) b Joint Actuator

d<a b soint senser The element which can measure torque, angular velocity of the

joint.
x, The element which can applied force, angular velocity, torque to the
Y dg P BodyActuator .. .
rigid bodies.
n Element for measuring rigid, rigid measure the force, speed, etc.

¢ % b  Body Sensor

The element which can measure force, velocity of the rigid bodies.

A stationary point in absolute coordinates. There must be one rigid
}—p Ground body connected to Ground in the built model, and it is means the
model is fixed in an inertial system.

The technical model of the template in figure 4-3 is established using Simscape as shown
in Figure 4-4. 61~03 represent waist joint, shoulder joint, and elbow joint. When the
user-customized configuration design template does not enter any parameters to the model,
the input value of each Joint Actuator is empty, and the output value of each Joint Sensor is
also empty. The technical model only contains the first three degrees of freedom. Because
before configuration is completed, the wrist joint and the end effector can’t be determined.

The purpose of the modeling is to determine workspace, simulate kinematics and
dynamics behavior by parameters setting. The simulation result can provide a reference for
the designer to configure. The needed results of model simulation can quickly and intuitively
be obtained by Simscape , without manual definition of complex calculus equations.

Before dynamics simulation, the moment of each rigid body’s inertia is needed to
calculate. But before all the service-component parameters are determined, the used
components can’t be determined, so the moment of the inertia can’t be accurately calculated.
During the actual design process of industrial robot, the moment of each rigid body’s inertia
are determined by estimation generally. The estimation in figure 4-4 is based on the following

assumptions:

a) All rigid bodies in the model are cylindrical rigid body with uniformly-distributed

mass.

b) The prime motor and transmission is fixed in the rigid body’s center and coaxial with

the rigid body.

c) The mass of prime motor and transmission is uniformly-distributed.
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d) After being installed, the prime motor and transmission are regarded as a whole.
e) The energy conversion efficiency in robot running process is 100%.

Based on the above assumptions, the length of the rigid body L is set to | (m), the weight
of L is W (kg), the weight of the prime motor and transmission inside L are Wp(kg). Wr(kQg)
respectively. The formulas calculating the moment of rigid body inertia are as follows:

W= W +Wp+Wr (4.10)
The moment of rigid body inertia around the y-axis Jy(kg m=:

J,=1/3W1,> (4.11)
The moment of rigid body inertia around the y-axis J,(kg m=:

J,=112WI? ... (4.12)

~H

Scope2

Joint Sensor2

Machine
Envirenment

ourn

Figure 4-4 Technical model

The value of Wp. Wrin Formula (4.10) can be obtained by querying the weight estimate
table. Based on the experts’ experiences, the weight estimate table records the weight range of
the drive system(including prime motor and transmission) and rigid bodies corresponding to
the load, as shown in Table 4-3. The technical model estimates the moment of inertia of rigid
bodies based on the values in the weight estimate table, and therefore the accuracy of the table
will determine the exact extent of the technical template parameter estimation. The table was
originally given by domain experts based on their experience, and constantly revised in the
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process of using, thereby increasing the accuracy of the values in table.

Table 4-3 Weight estimate table

load weight range of drive weight range of drive weight range

range system in position DOF system in posture DOF of rigid

(kg) (kg) (kg) body(kg)
0~10 20~35 15~17 5~15
10~20 30~46 20~35 10~35

After determining the moment of inertia, technical template can calculate the required
torque for each joint, and the calculation formula is as follows. T is a joint torque when
rotating (N - m), J is the moment of inertia of the rigid body driven by the joint axis (kg m=,
and o is the angular accelerated velocity of joint movement (rad/s?):

T=J*w .. (4.13)
4.4 Finite Element Analysis of template Parameters

Finite element analysis (FEA) refers to decompose the physical structure into a finite
number of elements interacting on each other, set an approximate mathematical solution for
each element, and based on this, obtain the solution of the whole mechanical structure. FEA
can achieve the simulation of real mechanical structure under different loads, working
conditions, constraints and other conditions. The aim of the kinematics and dynamics analysis
in section 4.3 is to provide dynamic parameter constraints for the user-customized
configuration design, and it begins before configuration design. And in this section, the aim of
FEA is to analyze the performance of the user-customized configuration design result, thus
providing a basis for improving configuration design result. The FEA begins analysis on
configuration template after the configuration is complete.

The industrial robot finite element analysis includes statics analysis and modal analysis.
Statics analysis researches the balance condition (including stationary and uniform linear
motion) of the mechanical structure under stress. The condition generally refers to the
mechanical structure stress and strain in the equilibrium state. Through applying load to
mechanical structures, the mechanical structure stress and strain analysis is taken. When the
stress and strain of mechanical structure is too large, an appropriate interpolation value can be
provided in the control system, or improving the mechanical structure to improve structural
strength, thereby improving the motion accuracy of industrial robot. Modal is a basic concept
of structural dynamics. It refers to the natural vibration characteristics of the mechanical
structure (including frequencies and vibration mode). Mechanical structure has different

modal, and each modal has a corresponding frequency and vibration mode. The process of
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analyzing and calculating the modal of mechanical structure is modal analysis. The natural
frequencies and vibration mode belonging to each modal can be determined through modal
analysis, so the actual vibration response of mechanical structure in the role of a vibration
source can be known. The finite element analysis software commonly used includes ANSY'S,
Pro / MECHANICA, ABAQUS, etc. In this paper, the Pro/MECHANICA is chosen.

4.4.1 Statics Analysis

In this paper, the maximum force pose of industrial robots is selected as the statics
analysis working condition. When the arm of industrial robot is outwardly stretch in a straight
line as shown in figure 4-5, the stress of each arm is maximum, and the load calculation
formulas of main structure are shown as 4.14 ~ 4.16 [**}].

EE Wrist

M Ly Ls
Lj

EE  Wrist

j E N é Ly L3 O

s

EE Wrist

T 0L o
<_Lc_>(
EE Wrist
G
[ Lo
(a) the maximum force pose (b) centre-of-gravity position of each component
Figure 4-5 Free-body diagram of industrial robot
Load calculation formula of base L1:
Fl = Ghl: + Gwrist + GL/l + GLB + GL2 (414)
Ml = Fl * La

Load calculation formula of upper arm L3:

F31 = GEE + Gwrist + GL4
oo =l + 6o (4.15)
Msz = ng * [’c

MSr = MS] + Fx/ * L:a + GLS * Lcs

Load calculation formula of forearm L4:
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El] = GEE + Gwrjst
Ly, = Fy + 6, (4.16)
M, =r, *L,

M4r = M4J +F41 >kL4 +GL4 *L54

In the industrial robot template herein, in addition to the three basic structures, further
comprises a pillar L2. Its load calculation formula is as shown in equation 4.17:

qu = GEE + Gwrist + GL4 + GL3

By =1, + 6 (4.17)
MZU = }7211 * Lb

M, =M

2d 2u

In formula 4.12 ~ 4.15, the F is the force of gravity applied by the connected rigid body,
the M is torque applied by the F to the rigid body, and the G is gravity of the rigid body. Note
that the weight of each rigid body contains the weight of drive system inside the rigid body,
which is calculated by formula 4.8.

After the user-customized configuration design is completed, the service-components in
template are assigned values, and then become service-component objects. Each
service-component object contains three-dimensional model of the object. The
three-dimensional models of the base, pillar, upper arm, forearm, are imported into ANSYS
respectively for statics analysis. First, the parameters of the model are set, including the
definition of the type of material, applying the load calculated by formula (4.14) - (4.17), and
then the stress and strain nephogram for each rigid body is obtained by running the model.
Through searching the maximum deformation data, it can be determined whether the material
and structural strength of the rigid body meets the accuracy requirements or not.

4.4.2 Modal analysis

The main purpose of industrial robots modal analysis is to check whether there is
resonance problem during robot movement, and then take noise reduction processing on the
robot. There are many reasons causing resonance, including drive system rotation, shaft
rotation, excessive transmission clearance, etc. Generally, the excitation frequency of drive
system and the natural frequency of the rigid body are stored in the Ob attributes of
service-component as the technical parameters. When the external excitation frequency is
greater than the first order natural frequency of the rigid body, it will resonate.

After the user-customized configuration design is completed, each service-components in
the configuration template will become components, and the natural frequency of each
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component could be obtained by ANSYS simulation. The specific process is similar to
Section 4.4.1. Firstly the three-dimensional models of the industrial robot components
including base, pillar, upper arm and forearm are imported into ANSY'S, secondly the model
parameters are set including the element material of solid45, material elastic modulus of
2.2E11, Poisson's ratio of 0.3, the density of 7800, a free partition meshing, the type of
analysis to Modal, a frequency range of 1000 to 10000. After all parameters have been set, the
solve module in Solution is used to solve. Each structure has an infinite-order modal, and the
low-order modes determine the vibration response characteristics of the structure. So it
usually computes the first few order modal only. In this article, only the first five order modal
is solved, and the first five order modal and vibration nephogram of the main structure is
obtained by ANSYS.

4.5 Template operating principle

Through a series of processing to the parameters inputted, the user-customized
configuration design template outputs the components list of industrial robot and performance
parameters meeting the needs. The flow and analysis process of template parameters is shown
in Figure 4-5.

According to the needs of the task, user inputs the needed parameters to template,
including the DOF of wrist joint, the kinematic pair type of each DOF, the workload weight,
the end effector type, the minimum arm length, velocity and other parameters. Simscape
model obtains parameters such as load weight, arm length, joint angle from the configuration
template, simultaneously query the weight estimate table, calculate the parameters of the work
space, joint torque and then output them to the configuration template. In the constraint of the
Simscape calculation results and configuration template internal constraint, the
service-component objects meeting the constraints can be retrieved from the database to
compose the configuration result. The detailed retrieval process is given by the chapter 5.
When all the service-components of configuration template have become into
service-component objects, the corresponding three-dimensional models of objects and the
calculated load data will be input to ANSYS. The ANSYS is used in statics analysis and
modal analysis of the configuration result. The analysis results including stress-strain data and
vibration frequency data. These data is output to template. Finally, the template will send the
configuration result and ANSY'S analysis result to user.
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Figure 4-5 Template operating principle

4.6 Template analysis example

(1) Parameter setting for user-customized configuration design template

First, the parameter values are input to the template. The values of P, Py are as follows:

Npor=b; Tkp={spatial rotation, plane rotation, plane rotation, plane rotation, spatial

rotation}; Tps={servo motor, servo motor, servo motor, servo motor, servo motor}; Tr,={gear

reducer, gear reducer, gear reducer, gear reducer, gear reducer}; Tse={Pressure sensor}; Tge=

Negative pressure type sucker; Wge=6kg; The minimum length meeting the requirement in the
database is selected for L;, in this case, Li~L4={0.2m,0.3m,0.4m,0.4m}; L,=0.6m; w,=3rad/s,
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Ap=6rad/32. After the parameter values are determined, the user-customized configuration

design template is shown in Figure 4-6.

Ik
S B
[HE—
I

oo ] oms)
I

i

Figure 4-6 User-customized configuration design template after parameters inputing

(2) Kinematics and dynamics simulation

Then the parameters’ values in the configuration template are assigned to the Simscape
model. Wherein the value of Body Actuator is calculated by Wgg*a=6*10=60N, the angular
velocity of three Joint Actuator is set to w=3rad/s and angular acceleration is set to A=6rad/s.
Through querying the weight estimation table and formula (4.10) ~ (4.12), the moment of
inertia in waist joint, shoulder joint, elbow joint are calculated to 0.6 kg m= 3.5 kgm=x 2.4
kg m=respectively. The calculated results are input to Simscape model as input parameters,
and then the workspace (Ws) of the configuration template in different views is shown in
figure 4-7. The torque (T;) in waist joint, shoulder joint, elbow joint is shown in figure 4-8.
The parameters of L;, Tj, wi, Ai are input to formula (4.3) ~ (4.9), and the internal constraints

of the configuration template are obtained.
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Figure 4-7 Workspace figure
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Time offset: 0

4-8 (a) waist joint 4-8 (b) shoulder joint 4-8 (c) elbow joint
Figure 4-8 The torque of three joints

(3) statics analysis

According to the formula 4.12 ~ 4.15, the stress analysis results of base, pillar, upper arm,
forearm are respectively F1=600N, M;=360N, F,,=500N, F,3=700N, M5,=350N, M24=350N,
F3=300N, F3=500N, M3=120N, M3=280N, F4=100N, F4=300N, M4=20N, M4=100N.
Input the calculation results of load, torque and gravity data to ANSYS, at the same time set
the element type to solid45, material elastic modulus to 2.2E11, poisson's ratio to 0.3, the
density to 7800, and then analyze it. The four main body structure stress nephogram and

displacement nephogram are onbtained respectively as shown in figure 4-9~4-12.

TION

(a) stress nephogram (b) displacement nephogram
Figure 4-9 Statics analysis figure of base

(a) stress nephogram (b) displacement nephogram
Figure 4-10 Statics analysis figure of pillar
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(b) displacement nephogram
Figure 4-11 Statics analysis figure of upper arm

(a) stress nephogram

(a) stress nephogram (b) displacement nephogram
Figure 4-12 Statics analysis figure of forearm

According to the analysis results, the maximum stress and strain of the four rigid body is

shown in table 4-4.

Table 4-4 Statics analysis result

Rigid body

Results

Base

Pillar

Upper arm

Forearm

Maximum stress (MPa)

0.0295248

0.00025080

0.0030035

0.0025923

Maximum displacement (mm)

0.0000204

0.00000863

0.0000160

0.0000409

(4) Modal analysis

Similar to the step (3), set up the material elastic modulus to 2.2e11, poisson's ratio to 0.3,
the density to 7800, and then analyze it. The four main body structures’ first five order natural
frequency are onbtained respectively as shown in figure 4-13~4-12, and the first order

vibration modal is as shown in figure 4-14.
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suxxx  INDEX OF DATA SETS ON RESULTS FILE  sexxex s INDER OF DATA SETS ON RESULTS FILE  sesesex
SET  TIME/FREQ LOAD STEP SUBSTEP CUMULATIVE SET  TIME-FREQ LOAD STEP  SUBSTEP CUMULATIVE
1 1498.1 1 1 1 1 142@8.2 1 1 1
2 1M2.8 1 2 9 2 1843.7 1 2 2
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(a) The first five order frequency of base (b) The first five order frequency of pillar

s [NDEX OF DATA SETS ON RESULTS FILE  ssesss *xsxx  [NDEX OF DATA SETS ON RESULTS FILE soseem
SET TIME/FREQ  LOAD STEP  SUBSTEP CUMULATIVE SET TIME/FREQ  LOAD STEP  SUBSTEP CUMULATIUE

1 1237.8 1 1 1 1 1867.3 1 1 1

2 1858.6 1 2 2 2 1986.3 1 2 2

3 31377 1 3 3 3 2518.2 1 3 3

4 3222.% 1 4 4 4 2858.6 1 4 4

L 349241 1 5 5 5 4825.8 1 5 5

(c) The first five order frequency of upper arm (d) The first five order frequency of forearm

Figure 4-13 The first five order natural frequency of main body structure

File: E:\\lizhu.x t

(c) vibration mode of upper arm (d) vibration mode of forearm

Figure 4-14 The vibration mode of main body structure
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4.7 Chapter Summary

In this chapter, firstly the industrial robot user-customized configuration design template is constructed,
and users can obtain the industrial robot meeting constraints through parameters setting; Secondly the
kinematics and dynamics analysis on template is taken by Simscape model, and the dynamic parameters is
analyzed; Thirdly the finite element analysis on template is taken by ANSY'S, including statics analysis and
modal analysis; Fourthly the parameters flow process in template is analyzed; Finally taking industrial
robot user-customized configuration design using configuration template as an example, the configuration

template is analyzed in application.
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CHAPTER 5 INTERNAL ALGORITHM FOR USER-CUSTOMIZED
CONFIGURATION DESIGN

Formal components and configuration template constitute the design platform database,
which is the basis for the design platform to support user-customized configuration design.
But only database is not enough to support users designing product successfully, there must be
internal algorithm to keep the design running smoothly. Under this principle, the internal
algorithm is needed to research, including how to process the uncertainty of the users’
requirements? How to retrieve service-components meeting constraints from the database?
How to instantiate the service-components to objects? How to choose the best objects from a
large number of service-components meeting constraints? How to evaluate the configuration
results? This chapter describes these issues in depth.

5.1 user-customized configuration design process analysis

In configuration design process, generally the predefined components collection,
configuration requirements description and configuration standard are provided by a product

configuration system [**][**%][*>*

]. Similarly, in user-customized configuration design process,
the set of service-components and the configuration constraints are provided by product
design platform. The specific configuration design process through configuration system by

user is shown in figure 1.

From the horizontal point of view, the configuration process is divided into four levels:
The first level is to convert the user's needs to specific configuration parameters. The main
contents are the user enters the product requirements and tasks prompted by configuration
template, change the undetermined parameters of product configuration template to
determined parameters, and then extract parameters needed by Simscape model calculation to
input. The Simscape model obtains parameters’ values such as joint torque, velocity, etc.
These parameters are seen as the basis for service-component configuration; The second level
is service-component configuration, the main contents are the retrieving and instantiation of
service-component configuration. According to the configuration parameters obtained in first
level, the service-component similarity in domain ontology is calculated, and the most similar
service-components are selected as part of the template. Then the service-components of
template are instantiated to components. These components are retrieved from the component
library, and the retrieve results constitute the configuration program meeting configuration
parameters and template constraints. When the components meeting constraint does not exist,

the service-component will be extended, and the extension begins from the basic value
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User ‘ Design Platform
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Figure 5-1 The process of user-customized configuration design
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expansion; The third level is the configuration program evaluation and optimization. The
components meeting constraints constitute the set of configuration program. The product
performances of each program are calculated, including stress and strain, vibration response
and other parameters of interest to users, such as price, origin, etc. Integrated fuzzy evaluation
method is taken to evaluate the configuration program, and the configuration programs are
sorted according to the evaluation results; The fourth level is to obtain the final configuration
result. According to the sorted result of the previous level, the result in the first place is
selected as the final configuration result. As all requirements are verified to meet all
requirements, this result is output.

As described in Chapter 2, the design platform is the key to achieve user-customized
configuration design of industrial robot. According to Figure 5-1, in order to complete the
whole process, the platform should be able to complete all the activities of the second and
third columns. The model and database support in the third column has been done in detail in

Chapters 3 and 4, and this chapter focuses on the second column.
5.2 User requirements processing
5.2.1 Determine the DOF of wrist joint

The purpose of this step is converting the user's needs to parameter constraints for
service-components. Firstly user enter parameters mentioned in Chapter 4 such as prime
motor type, transmission mode input template. But the number of DOF and the movement
type can’t be determined directly. User usually only can give the task of industrial robot to
complete, but does not clear how many DOFs are appropriate for this task. This problem

requires configuration template to process.

The DOF of wrist joint is designed to mimic the human wrist. The movement that human
wrist could be performed is shown in Figure 5-2 [**°]. Wherein Figure 5-2(a) and Figure 5-2(b)
actually belong to arm activity, but they are designed as rotational degree of freedom for wrist
joint in the general design of industrial robot. By this way, when the robot is rotating, there is
no need to drive the arm but only drive the wrist and the end effector, which can reduce the
load for the robot. Figure 5-2(c) and Figure 5-2(d) are designed to the first rotational degree
of freedom of the wrist joint. When the first rotational degree of freedom rotates 90 degrees,
the second swing degree of freedom can complete the palmar flexion and dorsiflexion
movement in Figure 5-2(e) and Figure 5-2(f), so the Figure 5-2(e) and Figure 5-2(f) can be
omitted in robot. Therefore, a rotational degree of freedom and a swing degree of freedom can
complete the movement that can be done by human.
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Although the wrist joint with two degrees of freedom can mimic the human wrist to
complete various sports, but in actual use it will encounter some problems. For example,
industrial robots need to complete tasks such as drilling or screwing. If the screw hole
location or the center position is coaxial with the first degree of freedom of wrist joint, the
robot can easily accomplish this task. But this situation is rare, when the hole is not coaxial
with the first degree of freedom of wrist joint, the wrist is difficult to complete the rotating
task. In order to increase the flexibility of the wrist, a rotational degree of freedom is usually
coupled with the swing degree of freedom. So that when the end effector is required to
complete tasks such as drilling, it can be realized through the final rotational degree of

freedom, without the need to mobilize the arm joint, wrist joint and other parts to carry out.

(a) forearm supination (b) forearm pronation

&

(c) radial deviation (d) ulnar deviation  (e) palmar flexion (f) dorsiflexion

Figure 5-2 Human wrist movement

Based on the above analysis, the universal wrist structure recommend by configuration
template for user is shown in Figure 5-3. The wrist is composed of a degree of freedom of
rotating around X-axis, a degree of freedom of swing around Y-axis and the last one degree of
freedom of rotating around X-axis. The wrist joint can replace human to complete most of the
activities. More degree of freedom could increase flexibility of industrial robot, but it also
increases the controlling complexity. Therefore, the configuration template still provide the
statement of the number of degrees of freedom and the task can be completed, as shown in
Table 5-1. User can select the appropriate number of degrees of freedom based on practical
task.
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 H
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Figure 5-3 Universal wrist structure

Table 5-1 The wrist DOF and movement range

The number of The kinematic pair The movement ranae
DOF type g
There is no DOF for the wrist, and the wrist can’t move in
0 G
space.
X-Axis The wrist has a DOF of rotating around X-axis, and can rotate

- e;‘l:} - around X-axis.

—55—[ The wrist has a DOF of swing around Y-axis, and can pitch
around Y-axis.
1 JY-Axis
Z-Axis
7 Vs
4 The wrist has a DOF of rotating around Z-axis, and can swing
- side-to-side.
[
[
!
X-Axis 4r¢—[
5 (__I I/__ The wrist can complete any activities except drilling or
- screwing.
s

Y-Axis

After user inputting all the parameters, the configuration template will be determined,
and the template will calculate the parameters constraints between service-components
automatically.

5.2.2 The processing of user fuzzy requirements

In addition to the degrees of freedom, user needs to enter the other performance
parameters. In design process, the user’s requirements may be not precise, for example, the
requirement for arm length may be an accurate numerical value, but it also may be an
imprecise value range. The fuzzy set theory is usually used to deal with these imprecise

requirements [*°][**"[**®

]. The fuzzy requirements are processed as follow in this paper. Set
the domain of discourse to X, and x is element in X. Set S as asymmetric triangular fuzzy
number, and there are following formulas [*']:
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e —

St= 8¢ - g8° (5.2)
St =5°+5° (5.3
—L;X if St<x<s® ” (5.4)
4, ()= S
0 otherwise

Where SC is the center value of S, and S° is the spread value, u(x) is the membership

function.

In the industrial robot configuration design field, set the parameters set to be determined
in the template is X={X1,X2,...xn}, N is the number of parameters to be determined in the
template. The range of values for each parameter is given by the platform according to their

min

own database, the range of values for the py parameter x,is[x,"", Xp ] There is also a fuzzy
numbers set S={S;, S,, ...Sn}, and S, represents the value assigned by the user to the parameter
to be determined. According to user’s demand, each fuzzy number has an expectation value
Si, an allowed spread value S;°. When the user’s demand can be determined precisely, the
value of S; is 0. So, when the value of S;° is not 0, the membership function of the ps

parameter X, in template to the py parameter S, in fuzzy set S is as follow:

c

oy < 1 Sp 5_5XP ...... ifex, e (0" (5.5)
SNt p/l T P
[UREERES otherwise
. C
) = {lf -5 56)
: ) ¢
0. if--x, =5,
H L L min R . R max L R
Wherein, x “ = yax(s,”, x,""), x," = Min(s,", x,"), x,” < x,

Membership function indicates the degree of parameter satisfaction to the user’s demand.
The greater the degree of membership, the closer the parameter value to the user's needs.
When x,=Sp%, the membership value is 1, indicating that the template parameter value fully

meets the user’s expectation.

Since the configuration template obtaining the user's fuzzy demand, the value of x;with
the maximum membership to the fuzzy demand is calculated. The value is input to Simscape
model as template parameter value to calculate the joint torque and other parameters. These
parameters provide the basis for component retrieval as the final configuration parameters.
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5.3 Service-component configuration
5.3.1 Similarity and relevancy calculation of service-component

Since the user input requirements to the template, the industrial robot’s main structure
and service-component type are determined. However, only the main structure is not enough,
the standard components connected to these main structure, the related components
supporting the main structure, and better cost-effective components than the selected
components are also needed. It is possible for the configuration template to include all types
of components, which will increase the degree of complexity for the user configuration work.
But these types of components are essential for an industrial robot. Therefore, based on
ontology similarity and relevancy calculation, this section retrieve service-component after
determining indiustrial robot structure. The goodness of fit between calculation results and
real situation will depend on the accuracy degree of domain ontology reflecting real-world. So
the domain ontology requires constant revision and improvement according to the situation,
so that the service-component obtained by calculating will be more accurate.

In the ontology, the concept similarity refers to the extent of interchangeably for two
concepts having similarity in function. When calculating the similarity, only the hyponymy
relation is considered; the concept relevancy means the probability of appearing at the same
time for two concept having dependencies on the function. When calculating the relevancy, all

the relations in ontology except for the hyponymy relation are considered. For example, car

159

and bicycle has similarity, but car and gasoline has relevancy [~°]. There are many ontology

concept similarity and relevancy calculation method, such as domain ontology calculation

method based on semantic distance [**°][***

162

], domain ontology calculation method based on

based on the contents [7¢], heterogeneous ontology concept mapping method based on

semantic features similarity [*°*][*®*

], mixing calculation method integrated the various
methods ['®°], etc. The similarity influence factors between the two concepts contains the
following aspects: the hierarchy of concept in the ontology, the distance between the concepts,

attributes similarity between the concepts an so on.

In the existing methods, most methods are concept similarity calculation based on the
concept hyponymy relation. Only a few methods consider the other relations, but these
relations are considered as a component of similarity, and not be distinguished as relevancy
separately. In the retrieval process of service-component, the two service-components with
high degree of similarity can interchange, and the two service-components with high degree
of relevancy need to be selected simultaneously. The application of similar
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service-components and relevant service-components has essential difference, and they can’t
be seen as integrated similarity. Therefore, in this section the service-component retrieval
based on ontology similarity and relevance has two directions: one is the similar
service-component retrieval based on the hyponymy relation in ontology; the other one is
relevant service-component retrieval based on all the relations in ontology except for the
hyponymy relation.

(1) The service-component similarity algorithm based on the hyponymy relation in ontology

Assuming that in ontology only having hyponymy relation, the concept has n-tier, so the
edge has n-1 layer(~ > 2). The length of the edge is relevant with the connected concept
granularity. The concepts connected by edge is divided finer, the greater the similarity
between the two concepts, so the smaller the length of this edge. Assuming that there are two
service-components X and Y, the corresponding concepts in ontology are Cy and C,. The
service-component similarity algorithm based on the hyponymy relation in ontology is shown
as formula (5.7) - (5.8):

~ Inta-D+1 57
P (n D, 1) %N, &7

Sim,,.(C,,C,) = — % (5.8)
Z Ly, +
i=1
Where P; is the shortest path connecting two concepts, m is the total number of the
shortest path, Lp; is the edge length of path, Dy; is the level of edge P; in the ontology, Np; is
the number of sub-concepts owned by the upper concept of the two concepts connected by

edge Pi. a is an adjustable parameter between 0 and 1. When Zm:Lp- _ o, the distance

between the two concepts is 0. So Sim, (C,, C,)=1, that the two concepts is the same. When

s

i Lp, = +ao there is no path between the two concepts. So sim,, (C,, C,) =0, means that there
is no resemblance between the two concepts.

In addition to the concept, the service-component also has attributes, that is the ob in
formula 2.1. The degree of attributes similarity is an important aspect for affecting
service-component similarity. Set up the attributes of two service-components X, Y to oby and
oby respectively. The value range of attributes are ob," and ob,". The mean value of attributes
are obj and obyy. The common attributes shared by two service-components is obyy, so

obyy={ob1,0by,...0b}, wherein t is the number of common attributes. The formula for
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calculating two service-components similarity based on attributes are as follows:

D = \/Z (ob, x, —oby, ) (5.9)
i=1
P = (D(Ob)(y) i (p(Ob)ﬂ') (5.10)
@ob, pob,
: o f
Sim,,(X, V) = + w,P (5.11)
ED+ B

ED is the Euclidean distance between the two attribute vector value ranges composed by
the common attributes in X and Y. ED represents the true distance between the value ranges of
attributes. ObeXf Is the mean value of attributes belongs to ob,and ob,, simultaneously. p
ob,y, is the mean value of attributes belongs to obyand oby, simultaneously. ¢(ob,,) is
the attribute number in obyy. @ob, (non-zero) is the attribute number in oby. @ob, (non-zero)
Is the attribute number in ob,. P is the number similarity of the same attribute in two
service-components. Sim , is attribute similarity of service-components X and Y. @, and

@, 1S the weight for ED and P in attribute similarity. g is an adjustable parameter.

The comprehensive similarity of two service-components is calculated as follows:

Sim(X, ¥) = A,Simy, (C,,C,) + A,Sim,, (X, V) (5.12)

ob

5, and ,, are the weight for similarity value based on distance and similarity value
based on attribute in service-component similarity calculation.

(2) The service-component relevency algorithm based on all the relations in ontology except
for the hyponymy relation

The domain ontology constructed in the article has seven horizontal relations. In which
there are three relations express relations between different concepts: Ha, Ca, As. The
relevency of concepts connected by different types of horizontal relations is different. The
strength order of the association of three relations is Ca> As> Ha. For example, the relevency
of two concepts connected by Ca relation is greater than the relevency of two concepts
connected by Ha relation. Asuming that there are two service-components X and Y, the
relevency algorithm of the two service-components is as follows:

L, = o (5.13)
L, = o, (5.14)
L, = o, (5.15)
L, = ki, +mlL, +nlL, (5.16)
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Re [(1, 1) = — 20— (5.17)

ZL,,, +0
=1

o o, o, 1S the weights of three relations, there is >0, >w,. P is the three relations’ set of
all paths between X and Y. t is the number of path in the set, P; is the ith path in the set. k; is
the number of relation Ca in P;. m; is the number of relation As in P;. n; is the number of
relation Ha in P;. Lp; is the length of P;. o is adjustable parameter.

Using the relevency algorithm, the service-components set relevant with main structure
of industrial robot can be obtained. But the service-components in this set are repetitive, there
are two reason for the repetition: one is that if service-component A and service-component B
is connected to each other, the service-components set relevant with A must caontains B, and
the service-components set relevant with B must caontains A; another one is that if A and B is
connected through middle component C, the service-components set relevant with A and the
service-components set relevant with B will both contain C. Therefore, the set will be
reduction after relevency calculation. Set the service-components set of industrial robot’s
main structure to M. The middle components set connecting two service-components in M but
not belonging to M is I. The relevant service-components set of service-components in M is

Mgel. Then the relevant service-components set after reduction is M ge=Mgei-M-I.
5.3.2 Service-component selection and instantiation

Before service-component instantiation, the service-component should be selected by
technical parameters constraints obtained in section 5.2. The service-components whose value
range don’t meet the constraints will be taken out of the similar service-components set, and
then the remaining service-components will be instantiated. Before instantiation, the
instantiation order should be determined first according to the degree of importance of the
service-components. The occurrence frequency of service-component in the template internal
constraints determines its importance. If one service-component appears frequently, it means
that there are many service-components are reciprocal constraint with this service-component.
Then this service-component need to be instantiated preferentially, because the parameter
value changing of this service-component has a greater impact on other service-components.
Learning from the bubble sort method of computer science, the service-components are
pairwise compared, and then the instantiation order is determined finally. The
service-components set meeting constraints is set to A={S;,S,,...Sn}, then the algorithm to
determine instantiation order of service-components is as follows:

a) Reduction the set. Traverse the elements in set of A. If S; and S; is similar
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service-components which obtained by similarity calculating, then one of them is

remained and another one is deleted:;

b) Take any two adjacent service-components S; and Sj+1 from set A, then count the
number of the occurrence frequency of service-component in the template internal
constraints, which recorded as N.S; and N.Sj+1. If N.Sj < N.Sj41, then exchange the
place;

c) When the number of the occurrence frequency of the adjacent two
service-components is the same, the two service-components will be placed in one
bracket as one element in set A;

d) Repeat step a) and b) for each pair of adjacent service-components in set A. The
operation starts with S; and S, and end with S,; and S;

e) Repeat step a) and b) until all the elements in set A meeting N.S5;>N.S;+1;

f) Add the deleted elements of step a) into set A again, then put them in one bracket

with similar elements as one element in set A;
g) Output the ordered service-component set 4°={S;-S>,...S,’}, wherein n’<n.

After determining the instantiation order of service-components, the service-component
in set 4’ is instantiated from the first element. There is no need to assign value to every
parameter of service-component. Because the value range of every parameter of
service-component is composed by the service-component objects. When one or several
parameters of one service-component is determined, the service-component object will be
determined, so the instantiation is completed. Assignment to parameters depends on the
technical constraints output by configuration template. According to the constraint boundary,
the value nearest boundary constraint is selected from the value range as a parameter value of
service-component, so as to determine the service-component object.

5.3.3 Service-component object selection

The service-component is instantiated from the technical perspective in Section 5.2.2.
But in the service-component database, there may be more than one service-component object
with same technical parameter value. For example, the same type of component may be
uploaded to the database by two different manufacturers, so there are two different
service-component objects with same technical parameter value in the database. Therefore,
the service-component objects meeting technical parameter requirements need to be further

selected.
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The selection process is based on the value of Ma in service-component. The user set
priority for various parameters in Ma according to their needs. The main purpose of selection
is that the system can choose the most appropriate service-component object accordance with
user preference when there are more than one service-component objects with the same
technical parameter value. The parameters concerned by user in Ma contains the information
released by the manufacturer such as component suppliers, price, place of origin, ease of use,
adequacy of supply, delivery and other information. Assuming there are two
service-component objects having the same technical parameter value. If the object with
lower price should be selected preferentially in terms of user intent, then the price parameter
is set to the highest priority. If the object with adequate supply should be selected
preferentially in terms of user intent, then the supply is set to the highest priority. The
parameters of Ma is recorded as selection vector PU={pus,pu,, ...pun}. The selection vector by
user reordered is recorded as PU’ ={pu,-pu,,...pu,}, wherein the priority of pu; is greater
than pui+1. PU’ is the selective basis of service-component object. The selected
service-component object can form the configuration program set for further use.

Through the above analysis, it can be seen that the configuration process is closely
related to the service-component representation method. Figure 5-4 shows how the
representation method to play a role in the configuration process.

Service-component Supporting The configuration result
representation method of service-component

Similarity and relevancy

o | calculation Based on ontology e e e
’| relevant service-component
Value assignment to l
o | parameters of Ob The set of service-component
Y| objects composing product
Service-component object selection i
m according to the value of Ma | The set of component
a instances composing product

Figure 5-4 the supporting of representation method to configuration process
5.4 Configuration program evaluation

Every program of configuration program set can output program performance parameters.
The parameters contain parameters output through the configuration template such as
workspace, work velocity, price, etc., and also contain parameters obtained by finite element
analysis such as vibration response, the stress and strain value, etc.. The program in line with

user preferences is selected according to evaluating the performance of different programs.
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Each configuration program has multiple performance parameters, and a comprehensive
evaluation is needed to make by considering the multiple performance parameters. Because of
the uncertainty of performance evaluation, evaluation methods commonly used contains fuzzy
comprehensive evaluation method, fuzzy multi-attribute decision making method, and so on.
In these methods, every performance indicator of configuration program needs to be graded
by the membership function, and the membership function are generally given in advance
by the system based on expert experiences. But expert experiences do not represent the user’s
intention, and the score given by expert to one indicator may not be consistent with the user.
Under the user-customized configuration design pattern, the evaluation on configuration
program is completely user-oriented. Based on this consideration, the simple linearity
weighted multi-attribute decision making method is used to evaluate the configuration
program.

a) Decision matrix building

The completed configuration program set is X={X1,X2, ...xm}. Performance indicator set of
program X; is Y={y1,Y>, ...yn}. Then the decision matrix of configuration program is as follows:

Iy Ly o I,
7 . e+ L
_ 21 22 2n
R ([‘jj)mxn . . (518)
I‘ml I‘”}Z I‘/ﬂn

b) Matrix normalized processing

By matrix normalized processing, the dimensional indicator will become dimensionless
indicator. The indicator type needs to be divided when processing. In multi-attribute decision
theory, the indicator type commonly includes cost type, benefit type, fixed type, deviation
type, interval type, deviation interval type, etc.. The indicator types used in this article include
the following four types: one is benefit type. The indicator value of this type is positive
correlation with the final evaluation results, such as positioning accuracy, the larger the
indicator value, the better the overall performance of the program; one is the cost type. The
indicator value of this type is negatively correlated with the final evaluation results, such as
strain value, the larger the indicator value, the worse the overall performance of the program;
the third is fixed type. There is no linear correlation for the indicator value of this type with
the final evaluation results. The indicator value of this type is specified by user as the best
configuration value, such as the workspace. The user may specify a specific value as the best
workspace. The closer the workspace to this value, the better the performance of the program;
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the fourth is interval type. The indicator value range of this type is specified by user as the
best configuration value range, such as price. The closer the program price to this value range,
the better the performance of the program. The type of each indicator belongs to is uncertain,
and it is specified by the user according to their needs. For example, the price indicator, if user
thinks the lower the price the better, the price will be designated as a cost type. If user feels
that the best price is in a certain range rather than the lower the better, the price will be
designated as the interval type. Standard 0-1 transformation is used to process the four types

of indicator as follows [**°]:

; r,. — Min r, e o . .
r,, = — — if indicator rj is benefit type (5.19)
Max r, — Min r,

' Max r; — r,, el .
r,, = — if indicator rj is cost type (5.20)
Max r. — Min r,

, r.. — ]"0 ‘ . i B )
r,, =1-—= ! if indicator r; is fixed type (5.21)

Max‘r} -7

J oJ

1 Z'f I.fj € I:I'ijin’ r()jmax]
r,, = Max(r . . —r..,r.. —1r . )
/ 1- mnt . = = e ir I‘J’J & [rOimin’ rO/maX]
Max(r,; .. — Minr,, Max r, — r,, ) ‘ ‘

if indicator rj is interval type (5.22)

The processed decision matrix is as follows:

Iy Ly o Iy,
, , r r e r
— — 21 22 2n
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Wherein 0 < rl.j’ <1
c) The index weight determination according to user's preferences

The importance of each indicator is divided into six grades, which is represented by the
numbers 0 ~ 5. The number O represents the user believes that the indicator is not important.
The number 5 represents the user believes that the importance of this indicator is greatest. The

table to obtain the user’s preferences is as follows:
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Table 5-2 User's preferences grade table
2 0 1 2 3 4 5

v | 0| 1] 2|3 /| 4]|cs

The recommendation
for evaluation

Yn 0 1 2 3 4 5

The recommendation for evaluation in the rightmost is the reference suggestions
provided by system to evaluation program. It can help user to evaluation program more
reasonably. After assignment to each indicator, the user’s preferences U is obtained, and
U={u1, o, ....n}. The U is processed as follows:

u =4 (5.24)

2 M

i=1

The processed user’s preferences U ={u1, 2 ,...un }, and there is >’ u =1

i=1
d) Comprehensive evaluation value calculation
The comprehensive evaluation value calculation method of configuration program is as
follows:

F=R >U '={f,f,,...fn}" (5.25)

Wherein f; is the comprehensive evaluation value of the ith configuration program. If f; is
the maximum value in F, the ith configuration program is the best program meeting user's
preferences.

The evaluation method takes into account the user's preferences. For the same
configuration program, the comprehensive evaluation value obtained by different users is
different. In this method, the user only needs to specify the performance indicator type and
grade according to their needs, then the system can automatically calculate the final score for
each configuration program to provide a reference for the user.

5.5 Case study for user-customized configuration design
a) User’s requirements processing

According to the parameter requirements of configuration template in section 4.2.2, the
parameters to be determined contain static parameters Ps={Npor, Tkp, Tps, T1r, Tse, Tee, WeE,
L.}, and dynamic parameters Py={wp, Apwee, Aec}. FoOr the parameters Npor and Tke,

according to the method in Section 5.2.1, the user selects the wrist around the X and Y axis.
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Together with the position degree of freedom, the final industrial robot has five degrees of
freedom. Then the user determines the type of prime mover is motor drive, the transmission
mode is gear reducer. According to the actual task to be completed, the industrial robot needs
carry plates, so the negative pressure type sucker appropriate to carry plates is selected as the
end effector. The maximum weight of plates that is the maximum load on end effector is 4kg.
A force sensor is added to the sucker to measure the pressure. According to the actual using
environment, the minimum operating range of industrial robots are required to reach 1.0m,
and the maximum operating range should not exceed 1.5m. The velocity of point P is required
to reach 2m/s, and the robot can reach this velocity within 0.5s. Thus, the parameters needed
to be input by user in configuration template are all determined, and VPs={5, (Z,Y,Y,X.Y),
motor, gear reducer, force sensor, negative pressure type sucker, 4kg, (1.0m~1.5m)},
VPy={2m/s, 4m/s?, 2m/s, 4m/s* }. Wherein, Tkp is a set of values, which records the rotation
axis of each degree of freedom. The value of La is a fuzzy value. The value having the
maximum degree of membership to this fuzzy value is 1.25m, which is calculated by formula
(5.5) in Section 5.2.2. Then the fuzzy value of VP; is replaced by the calculated value.

After all parameters are input, the configuration template becomes a fixed structure in
line with the user’s needs from an undetermined structure. M is the service-component set
composing the fixed structure, and M={base of X type, pillar of Y type, upper arm of Z type,
forearm of L type, negative pressure type sucker of M series, waist joint (motor of A series *1,
actuator of A series *1, RV gear reducer of B type *1), shoulder joint (motor of C series *1,
actuator of C series *1, RV gear reducer of D type *1) , elbow joint (motor of C series *1,
actuator of C series *1, RV gear reducer of D type *1), wrist joint (motor of K series *1,
actuator of K series *1, harmonic gear reducer of T type *1, force sensor of G type); at the
same time kinematics and dynamics parameters are calculated through the template internal
constraints in Chapter 4. By this way, the template transforms the user’s needs to the technical
parameter constraints of service-components in template to further use.

b) Service-component configuration

Using formula (5.7) - (5.17), the ontology-based similarity and relevance calculation of
service-component in M is taken. Take the threshold value of similarity and relevance to 0.5.
So the service-components whose similarity and relevance is greater than 0.5 will be output as
the results, and the similar service-component set Mg, and relevant service-component set
M rel are shown in table 5-3.
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Table 5-3 The result of similarity and relevance calculation

M Msim M Rel
Base of X type Base of X type, base of X type ‘t])z[[?;rtz)(z)lz:,rgonnectlng shaft,
Pillar of Y type Pillar of Y’ type, pillar of Y type bC(;:)tssed roller bearing, joint
Upper arm of Z type | Upper arm of Z type, upper arm of Z type E:z);rri-r?;m}oint g(())?: act  ball
Four-point  contact  ball

Forearm of L type

Forearm of L type, Forearm of L~ type

bearing, joint bolt

Negative pressure type
sucker of M series

Negative pressure type sucker of M series,
negative pressure type sucker of M series

Joint bolt

Motor of A series

Motor of A  series, motor of A~ series

Shaft coupling, stand

Motor of C series

Motor of C series, motor of C_ series

Shaft coupling, stand

Motor of K series

Motor of K series, motor of K series

Shaft coupling, stand

Actuator of A series Actuator of A series, actuator of A series Cable
Actuator of C series Actuator of C series, actuator of C series Cable
Actuator of K series Actuator of K series, actuator of K series | Cable

RV gear reducer of B
type

RV gear reducer of B type, RV gear
reducer of B type

Spring, chain wheel

RV gear reducer of D

RV gear reducer of D type, RV gear

Spring, chain wheel

type reducer of D type
Harmonic gear | Harmonic gear reducer of T type, .
reducer of T type harmonic gear reducer of T type Spring, belt wheel

Force sensor of G type

Force sensor of G type

Bolt

Then according to the technical parameter constraints

calculated in previous step

including base height <0.4m, 0.1m <arm length< 0.5m, motor power> 10W, reduction gear

ratio> 20 and other constraints, the similar service-component set is screened. The

service-component not satisfying the constraints is deleted, and then the remained

service-components are sorted according to the algorithm described in section 5.3.2. he

service-component set after being screened and sorted is shown in table 5-4.

Table 5-4 Service-components list after being screened and sorted

M Msim Jit

Base of X type Base of X type 4
Pillar of Y type Pillar of Y type, pillar of Y type 6
Upper arm of Z type Upper arm of Z type 3
Forearm of L type Forearm of L type, Forearm of L type 3
Negat_ive pressure type sucker of Negative pressure type sucker of M series é
M series

Motor of A series Motor of A” series, motor of A~ series b
Motor of C series Motor of C series )
Motor of K series Motor of K series, motor of K series d
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Continued from Table 5-4 Service-components list after being screened and sorted

M Msim J R
Actuator of A series Actuator of A~ series 6
Actuator of C series Actuator of C series, actuator of C~ series 6
Actuator of K series Actuator of K series 6
RV gear reducer of B type tF;\Igegear reducer of B type, RV gear reducer of B 2
RV gear reducer of D type RV gear reducer of D~ type 3

Harmonic gear reducer of T type, harmonic gear 2

Harmonic gear reducer of T type reducer of T type

Force sensor of G type Force sensor of G type 8

Then the service-components in Table 5-3 are instantiated in order, the
service-component object closest to boundary constraints are selected from database as
instantiation result from the database. It can be seen that the relevant service-components
don’t be instantiated here. That is because the relevant service-components are generally
standard components, and these components can be selected from database automatically by
matching interface information of service-component objects after all the main structure

components instantiation is completed.

Finally, the service-component objects are screened. Suppose the parameters order of Ma
is {low price, short delivery time, ease of use, the origin near to shipping address, adequate
supply}. Then for the service-components with the same technical parameters’ values, the
system will select the service-component of lowest price. If the price is also the same, then the
service-component with shortest delivery time is chosen, and so on. After this step is
completed, every service-component in Table 5-3 has only one instantiated
service-component object for subsequent use.

c) Configuration program evaluation

According to Table 5-3, the number of configuration programs composed by instantiated
service-component objects is 2*3*2*3*2*3*2*3=1269. Wherein the numbers of
2,3,2,3,2,3,2,3 are corresponded to the service-component object number of the first eight
rows in table 5-3. After the service-component objects of the first eight rows are determined,
the following service-component objects can be determined uniquely. For example, when the
motor type is determined, the actuator type will be determined. By performance simulation,
the computer can get the performance parameters of configuration program. Due to limited

97



Chapter 5 Internal algorithm for user-customized configuration design

space, only three programs are selected for evaluation here. Assuming the final configuration
program set X={xi,X2,xs}. The performance indicator set for industrial robots is
Y={ maximum working range (m), the maximum load (kg), the maximum velocity (m/s), the
maximum strain (mm), the natural frequency (Hz), price (million), weight (kg)}. The decision
matrix R of configuration program is obtained by formula (5.17) as follows:

1.2 5 3 0.005 32.175 15 137

k=14 4.5 2.5 0.01 51.233 12 151
1.256 2 0.003 48.265 16 103

The types of performance indicators entered by user are: the maximum working range
(interval typr, 1.0m~1.5m), the maximum load (fixed type, 4kg), the maximum velocity
(benefit type), the maximum strain (cost type), the natural frequency (benefit type), price
(interval type, 10 million~20 million), weight (cost type). Then, according to formula (5.17) -
(5.20), the processed decision matrix R are as follows:

1 0.5 1 0.714 0 1 0.291
R =|1 0.75 0.5 0 1 1 0
1 1 0 1 0.844 1 1

The importance grade U of every indicator is entered by user, and U={4, 5, 3, 2, 4, 3, 1}.
The processed user preference vector U is obtained by formula (5.22), and
U ={0.18,0.23,0.14,0.09,0.18,0.14,0.04}. The comprehensive evaluation result F is obtained
by formula (5.23):

18
23
14 0. 651
09| =10.743
18 0. 802
14
04

1 0.5 1 0.714 0 1 0.291
=11 0.75 0.5 0 1 1 0 |x
1 1 0 1 0. 844 1 1

L e e

As can be seen from the result, the relation of three programs’ comprehensive evaluation
value is X;<x2<xs, and the third program is the configuration result that best meeting the user's
preference.

5.6 Chapter summary

This chapter firstly constructs platform-based and user-leading user-customized
configuration design process; then the internal algorithm to keep the design running smoothly
is studied, including the degree of freedom determination, fuzzy demand calculation, and
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service-component  configuration. The  service-component configuration  contains
service-component retrieval based on similarity and relevancy calculation by On,
service-component selection and instantiation by Ob, and service-component object selection
by Ma. The simple linearity weighted multi-attribute decision making method is used to
evaluate the configuration program, then the product that best meeting the user's preference is
obtained. Finally a case analysis is taken for the internal algorithm
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CHAPTER 6 DESIGN PLATFORM PROTOTYPE SYSTEM DESIGN
AND APPLIED RESEARCH

In the user-customized configuration design pattern, design platform is an interactive
media of all stakeholders. The stakeholders take activities such as design, marketing,
purchasing, service and supervision on the platform. Rational design for the design platform

Is the key to successful implementation of user-customized configuration design pattern.
6.1 System Requirements Analysis
6.1.1 Use case diagram for platform

Figure 6-1 is a use case diagram of the platform, which shows the different stakeholders’
activities on the platform in detail. When the customers only design product but not purchase
product on the platform, they actually act as a product designer, as definition 4 in Chapter 2,

these two roles are collectively called user.

Design Platform

Obtain customers’ Release
demand «/ configuration’

(}\‘r ._program

Release
Manufacturered
component

i Component
A Manufacturer

&

o
Release new, “Release .
i design result/ <jpcludes*  Service-
Designer _component-’
Provide after- Product
sale i i Manage compone roauc
Put forward ale information g p Provider
manufacturer

B demand

Obtain
service-
componen

<e}([éh -~

= Obtain orders
- Release ke d
ser-customize exien

Customer configuration )<, ogistics status’ =

A . Q)
sign P 50 . ™
= 0’70:‘\;\ Provide logistics Prod_uc_t
% . /Product e Logistics
2 . . alution B
simulation Providers

reate and
track order
atus

>

Supervise

product Maintain
Guality quality the platfor Website
Supervision Service
Department

Figure 6-1 Use case diagram of platform

Designers receive customers’ needs and release new design result. Component
manufacturers obtain service-components and release produced components. Users design the
product, and as customer, they can also put forward new demand and track their order after
purchasing product. Product providers manage components manufacturers, obtain product
orders and provide after-sale information to customers. Product logistics providers provide the
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logistics solution, and release the order status. Quality supervision departments supervise the
various product and service quality of the participants. Website service providers provide
background maintenance, and resolve the technical problems encountered by the participants

in the process of using platform.

6.1.2 Role-based business process analysis

As shown in the use case diagram, there are seven kinds of platform roles. Figure 6-2 is
the business process diagram for customers using the platform. When customers are ready to
buy industrial robot, they have three options: one is to search the product directly on the
platform. If the database is not able to meet their requirements, customers can design product

by themselves, and also can release requirements on the platform to wait solutions of other

designers.
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Figure 6-2 The business process diagram for customers
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Figure 6-3 is the business process diagram for designers using the platform. Wherein the
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detailed process of "User-customized configuration design on template™ is similar to the
process in Figure 6-2, it is no longer carried out in detail. Figure 6-4 is the business process
diagram for component manufacturers using the platform. Component manufacturers can
publish their own components directly to the platform, and also can select the
service-components designed by other designers from the platform to manufacture. Figure 6-5
is the business process diagram for product providers using the platform. Products providers
are mainly for product assembly and packaging offline, and then publish product after-sale
service information on the platform. Figure 6-6 is the business process diagram for product
logistics providers using the platform. The deep boxes in process diagram are the offline
activities undertaken by the participants, and not the part of the business activities on the

platform.
6.2 System design
6.2.1 Function module design

According to requirements analysis, design platform is divided into seven modules:
product display, user-customized configuration design, product release, product trade,
logistics management, user management, back-stage management. Functional block diagram
of the platform is shown in Figure 6-7. The contents in deep boxes are the core of product
design platform, and are the parts with core competitiveness of the design platform compared
to the general e-commerce platform. The contents in light boxes are similar to the contents of

general e-commerce platform, and not emphasis here.

a) Product release. This section includes two contents: designers release their design
results and component manufacturers release their manufacture results. Designers release
service-components to service-components database for user-customized configuration design
invoking. Designers also can release configuration program via user-customized configuration
design; component manufacturers will release the manufactured components and industrial

robots to platform as service-component instances for customers to buy.

b) Product display. This section displays the contents released by product release
module, including design results such as service-component objects and configuration
programs, manufacturing results such as components, industrial robots. Platform user can
select the products and service-components according to different conditions, such as
according to price, according to sales volume, according to a technology parameter, according

to task, and so on.
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c) User-customized configuration design. This section is provided for all users with
design capacity. Users can release customization requirements here, and these requirements
can be seen by other designers who have the ability to solve. Users can also view other
customization requirements to see if they have the ability to solve this problem. Finally, users
can take the user-customized configuration design on the platform. The final design result can
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Figure 6-7 Product platform functional block diagram
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be used for their own solutions, and also can be released to the platform through the product
release module, so that others can share the design results.

d) Order management for component manufacturers. This section includes the sales
order management manufacturer of components uploaded by component manufacturers, and
also includes the purchase of service-components and configuration programs on the platform.
The service-components and configuration programs are design results of designers, and they
haven’t been manufactured to real components and industrial robots. Component
manufacturers can purchase service-components and configuration programs suiting for their
own production conditions from the platform, then component manufacturers produce them to
real components and industrial robots. After that, component manufacturers release these
components and industrial robots to the platform through the product release module.

e) Order management for product providers. Product providers are a bridge between the
customers and platform. They are responsible for achieving the products designed by
customers. On the platform, the product providers can query the customer's order to know the
order logistics information, can entry the logistics number of product which has been
assembled for customer inquiries, can publish the evaluation information components, can
take rating management for component manufacturers, can publish after-sale information of
the product which is assembled by product providers, can publish the after-sale service
network information to the platform for customer inquiries, also can answer customers’

questions online.
6.2.2 Platform physical configuration design

(1) Select development software. Fireworks and Dreamweaver are used for foreground
web design. Both of them are visual development tool. Images can be directly imported into
Dreamweaver for web design after being cut in Fireworks. Eclipse is the backend
development tool. Development language id Java. Spring MVC framework is selected as Web
frameworks. Spring MVC framework is a request driven-based architecture. The running
process of the architecture to handle the request is shown in Figure 6-8. When the server
receives a user request, the front controller will delegate the task to the controller. The
controller creates the appropriate model depending on the task, and a model is returned to
controller. The front controller will select the appropriate view to render model data based on
the returned model. Then the view response is returned to the user, a request processing is
completed. This mode achieves a good separation decoupling of the foreground interface
layer and the background data model layer. The interaction and synchronization of foreground
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and background is achieved by the middle controller, which makes the development process

more simple and flexible.

Incoming Handle
request Delegate — request
( Front controller Qarirallar
. (DispatcherServlet)  Model ) \
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of response
response
Retim Create
control Render model
response
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Figure 6-8 The running process of Spring MVC ¢

(2) Select database. Oracle 9i is selected as the platform database. Oracle 9i has great
advantages in processing large amounts of data, storing multimedia data such as sound and
animation, security, stability. It is very suitable for the design platform development of this

paper.
(3) Select computer hardware. Current mainstream computer configuration can meet the

design and development work of this paper. Core quad-core CPU, 4G memory, 500G hard
disk, Windows 7 computer operating system are selected for the development work.

6.2.3 The platform architecture

Product design platform connects user-customized configuration design online with
components and industrial robots offline. The platform architecture is shown in Figure 6-9.

The whole architecture is divided into view layer, business logic layer, server layer, data
access layer. View layer and business logic layer are the part that platform users can see.
Product designers release the designed service-component to service-component database.
Component manufacturers extract design information from the service-component database,
and then release the component production information such as type, size, origin, price, etc. to
the component library. Users invoke the information in service-component database and
domain ontology library through configuration template to design product and create orders.
Users also can release new requirements to the template library for product designer to study.
Product providers read the order information, assemble components to product offline and
release after-sale information on the platform. Product logistics providers store logistics
information into the product logistics information database for user query. Quality supervision
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departments interact with all the participants through the platform, supervise products and

service quality of each participant and ensure that the entire process and the final products

meet national standards. Website service service providers provide background maintenance,

and also interact with all the participants through the platform to resolve technical problems

encountered in using the platform.
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Figure 6-9 The platform architecture diagram

6.3 Platform page design

6.3.1 Platform home page

The content of platform home page is shown in Figure 6-10. It is divided into three parts

from top to bottom, the top is a title bar which owned by all platform pages, including
functions of login, register, function navigation. The left side of middle part is the display bar
for service-components and products. More contents will be shown after clicking on the
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"More", and then advanced screening can be taken. The details can be seen in section 6.3.2,
The right side of middle part shows a list of the most important function for the platform,
including user-customized configuration design, release service-component object, release
configuration program, release component, release industrial robot, inquire order. Users can
access the appropriate interface by clicking button quickly and easily. The function of
user-customized configuration design is the most competitive function for the platform, so it
is distinguished to other functions with different colors. The contents of bottom are separately
the recent news, the platform advantages, advertising position, blogroll. The page of the
platform advantages introduces the open platform advantages, including providing full
customization function, building web development and manufacturing integrated platform of
industrial robots to support users, component manufacturers, designers and all other relevant
actors to use, providing more professional electronic catalog to establish industrial robots

industry standards.
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Figure 6-10 The content of platform home page
6.3.2 Product releasing and display

Different roles can release different contents on platform, and users need to log in before
releasing. In the service-component object releasing page, the releaser select the
service-component object type, such as actuator, motor, base, etc. Depending on the type, the
content of Atr on the page is different. For example, the Atr elements of motor contain power,
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velocity, the moment of inertia, etc.. The Atr elements of reducer contain the reduction ratio,
the maximum torque, the hardness of tooth surface, installation forms and so on. Object name
and Ob value is filled by the releaser. The value of Ma and On with gray color is filled
automatically by the platform. Here the instance information is empty, because this
information is filled by component manufacturers, not by platform. If the object type is
reducer, its page displays as shown in Figure 6-11. Component releasing is similar to
service-component releasing. The only difference is that component releasing need to fill the
instance information to Ma.
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Figure 6-11 Service-component object releasing page

The configuration program releasing page is shown in Figure 6-12. The configuration
program obtained through user-customized configuration design is released to the platform on
this page. The value of Ob is the performance parameter value obtained by configuration
template, which is written by the releaser. The value of Ma and On is filled automatically by
the platform. The industrial robot releasing is similar to configuration program releasing. Also
the only difference is that industrial robot releasing need to fill the instance information to
Ma.
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Figure 6-12 Configuration program releasing page

By clicking the button "More" in home page, more detail contents are shown. For
example, click the button "More™ of the “service-component object display" in home page, the
pop-up page is shown in Figure 6-13. Configuration program releasing page, component
releasing page and industrial robot releasing page are all similar to this. This paper won’t
explain them all here.
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Figure 6-13 Service-component object display page
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6.3.3 User-customized configuration design page

Click the button "user-customized configuration design” in home page, and then the page
is shown in Figure 6-14. Users can view the released requirements of other people, choose the
requirement that they have the ability to solve, release their own requirements to the platform.
Users can also click the bottom button "enter user-customized configuration design page",
then enter the page which is shown in Figure 6-15.
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Figure 6-14 Release/view requirements page
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Figure 6-15 The home page for user-customized configuration design
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The left of figure 6-15 is the industrial robot template represented by mechanical sketch.
Click on the top left of the "Show Legend", the content of table 4-1 in Chapter 4 is displayed,
which explains the mechanical sketch elements of configuration template. On the right side,
users can enter various parameters to the template according to their needs. When click the
button "Click to select” beside the DOF of wrist, the content of table 5-1 in Chapter 5 is
shown for users to choose. After all parameters are input, the system will get the industrial
robot preliminary structure as shown in Figure 6-16. In the figure, all the component types of

service-components have been determined.
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Figure 6-16 Configuration template with determined structure

After the requirement input is completed, the users click on the button "Next step” to
enter the page of component selection as shown in Figure 6-17. Users sort component
parameters according to their needs, which is shown in Figure 6-18. The brand value, cost
performance here is given by the product provider based on past experience. After sorting is
completed, the system takes a series of operations including retrieving similar and relevant
sercive-components, removing the sercive-components whose value range doesn’t meet the
constraints, determining the instantiation order of sercive-components, instantiating the s
sercive-components and screening the components. The final configuration program is shown

in figure 6-19.
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Figure 6-17 The page of determining component filter conditions
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Figure 6-19 Configuration result page
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Click on the button "Next step™ to enter the configuration program evaluation page, as
shown in Figure 6-20. The user enters the value of each performance indicator based on the
importance of each performance indicator in his mind. After entering, the user click on the
button "OK" to enter the page shown in Figure 6-21. In this page, the user enter the indicator
type according to their requirements. When indicator type is interval type, user also needs to
enter the maximum value and minimum value.When the input is completed, user clicks on the
button "OK", then the system starts to score the six configuration programs based on user’s

input.
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Figure 6-20 Home page of configuration program evaluation
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Figure 6-21 The page of determining the performance indicators’ type
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After system scoring, the page shown as the figure 6-22 is popped up. The figure shows
the final score and rank of the programs. The user select the program 6 with the highest score
as the final design result. After clicking on the button "OK", the final industrial robot is shown
in Figure 6-23. This page shows the three-dimensional map of industrial robot, and also can
take the following operations: view the performance indicator value of the program, view the
components list of the program, pruchase the product directly by creating order, release the
program to the platform for others to view or download. By clicking on the button "View
Performance”, a page is popped up shown in Figure 6-24. This page shows the indicators’
values such as the maximum velocity, the maximum load, price, weight, the workspace
graphics simulated by the Simscape model, the deformation cloud graphics, the natural
frequencies and the vibration mode graphics simulated by ANSY'S model.

WsET Tl ALEE N\ A R BT F—: WESE -0 BoS: BEEF -0 RIS AREPHN —» B0 &ERR
EM5: ERAE
RIREHER, REFTERA
PEA el
[mEFES] [0 881
[ P2 R
O [Aws [poser
O [F= e
1 [AEs [osi
FI5E6 [0. 906
HEAET
Re > [AE > [AE o [FR )[Rz [ARs
o= W

Figure 6-22 The page of configuration programs selection
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Figure 6-23 User-cuatomized configuretion design result display page
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Figure 6-24 Product performance page

6.4 Chapter summary

On the basis of the previous section, this chapter researchs the prototype system design
of the open design platform. Firstly, system requirements analysis is carried out, including
analyzing the required functions through the use case diagram, taking role-based business
process analysis; secondly, then the system design is carried out, including designing platform
functional modules based on system requirements analysis, designing physical configuration
program of the platform, and drawing the whole architecture of the platform; finally, the main
pages of the platform are designed, and the key functions are introduced.
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CHAPTER 7 SUMMARY AND OUTLOOK
7.1 Research summary

Industrial robot is a type of mechatronic products containing multiple fields’ components
such as machinery, electronics, control unit, and computer. It is characterisedby complex
structure, long lead times, and high manufacturing costs. However, an industrial robot is
required to achieve high degree of customisation for finishing special work. These factors
constrained and limited the rapid development of industrial robot.

To solve this problem, thesis work is around the "key technology for industrial robot
user-customized configuration design". The thesis studies the key issues in depth including
user-customized configuration design pattern, industrial robot components representation,
user-customized configuration design template, user-customized configuration design internal
algorithm. Based on these, a prototype system is designed. The main work of this thesis

includes the following:
(1) Determine research direction by studying the status analysis

The research status of design method such as modular design, product family design,
configuration design, reconfigurable robot design, object-oriented design of software,
component-based design of software, and the ontology-based knowledge representation is
summarized. By analyzing the deficiencies of existing research and future research trends, the
research direction is determined combining with the current problems faced by industrial
robot design.

(2) Put forward the user-customized configuration design pattern in view of the

characteristics of industrial robot

Firstly the similarity of software product development process and hardware product
development process at different times is compared, and then point put that the
user-customized configuration design pattern drew on service-oriented architecture (SOA) of
software development. Secondly the related concepts are expounded, including pattern,
configured product, component, service-component, user, user-customized configuration
design, design platform, etc. Thirdly, the corresponding business mode of user-customized
configuration design pattern is given according to business mode elements, and the key
technologies to realize business mode is studied. Through this business mode, more
companied can participate in the design and manufacture engineering, and the design iteration
is reduced which promote the rapid development of industrial robot industry. Finally, system
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dynamics models were established for user-customized configuration design business mode
and for traditional business mode of industrial robots by Anylogic simulation software. The
simulation analysis proved that the proposed design pattern has obvious advantages in cost

and user order response than traditional mode.

(3) Formalized describe the multi-field components in the real world composing an
industrial robot

The component-based theory and method are studied, including the formal description of
things, ontology representation, componentization and servitization. On this basis, the
componentization description model is established for the product parts. And the model is
represented as service-component. The service-component includes ontology layer, object
layer, business layer. The object instantiation and component instantiation of the
service-component can support the users design process. Next, the formation process and
extension method of service-component are introduced. Finally, an example of industrial
robot components modeling is analyzed. Firstly industrial robot domain ontology is
established by protégé and then the description method, instantiation process and extension

method of service-component are illustrated.
(4) Build the user-customized configuration design template for industrial robot

In this chapter, firstly the industrial robot user-customized configuration design template
is constructed through analyzing the industrial robot composition structure, and users can
obtain the industrial robot meeting constraints through parameters setting. The template
contains the internal constraints between components. By calculating the internal constraints,
the template can convert parameters input by user to the parameter constraints of
service-component. Secondly the kinematics and dynamics analysis on template is taken by
Simscape model, and the dynamic parameters such as joint torque, velocity and so on are
simulated and output. Thirdly the finite element analysis on template is taken by ANSYS,
including statics analysis and modal analysis. Fourthly the parameters flow process in
template is analyzed. Finally taking industrial robot user-customized configuration design
using configuration template as an example, the configuration template is analyzed in
application. The result shows that the user-customized configuration design template can
provide users with a good view of the interface, and users can get the final product

performance parameters by simple parameter input.
(5) Provide the internal algorithm for user-customized configuration design

Firstly constructs platform-based and user-leading user-customized configuration design
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process. The process gives the operations of user, the tasks finished by platform, the model
and database needed by platform. Then the internal algorithm to keep the design running
smoothly is studied, including the degree of freedom determination, fuzzy demand calculation,
and service-component configuration. The service-component configuration contains
service-component retrieval based on similarity and relevancy calculation by On,
service-component selection and instantiation by Ob, and service-component object selection
by Ma. The simple linearity weighted multi-attribute decision making method is used to
evaluate the configuration program, then the product that best meeting the user's preference is
obtained. Finally a case analysis is taken for the internal algorithm

(6) Design a prototype system of product design platform on the basic of the theory
study

Firstly, system requirements analysis is carried out, including analyzing the required
functions through the use case diagram, taking role-based business process analysis; secondly,
based on system requirements analysis, the system design is carried out. The main work
contains two aspects, one is to design platform functional modules such as releasing
component and product, releasing service-component, designing product on template, and the
other one is to design physical configuration program of the platform and draw the whole
architecture of the platform. Finally, the main pages of the platform are designed, and the key
functions are introduced.

7.2 The main innovation
The main innovation of this thesis includes the following:

(1) Put forward the user-customized configuration design pattern, and give the activities
of the various participants in this pattern. The core of this pattern is to finish the industrial
robot design by users themselves. This pattern achieves the user to fully customize on the
premise of mass production of industrial robot component. (Chapter 2)

(2) Put forward the concept of service-component based on object-based thinking and
ontology. The service-component instantiation contains component instantiation and object
instantiation. The instantiation results are components in real world and object abstract
thinking respectively. As an expression standard for multi-fields components of industrial
robot, the service-component is not only the basic of design process, but also the release
standard for components uploaded to the platform. The service-component ensures the
openness of the platform and the flexibility of the user-customized configuration design.
(Chapter 3)
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(3) Establish the user-customized configuration design template. The template can
convert user requirements into constraints of service-component. These constraints are the
service-component retrieval basis from the database. Simultaneously the final configuration
result, i.e. industrial robot, the performance parameters obtained by simulation can be shown
with visual form through the template. (Chapter 4,5,6)

(4) Provide the internal algorithm for user-customized configuration design. According
to the design process of processing user requirements, configuring service-component, and
evaluating configuration program, the internal algorithm ensuring the user-customized
configuration design process is studied. Under the guarantee of the algorithm, the user can
quickly obtain the product meeting requirements. (Chapter 5)

7.3 Work prospects in future

As the theory and practice of configuration design evolving, user participation in the
design is an inevitable trend. Industrial robots are already generally high degree of modularity,
and how to enable users to take advantage of these modules to quickly design products
meeting their needs is a serious problem. To solve this problem, the thesis studied the
possibility and the method of user participation in industrial machine design. Limited time
and ability, there are still many problems to be addressed, including:

(1) The thesis only research the industrial robots hardware configuration, but the
software control system is also an important aspect for the industrial robot performance. Only
with the control system industrial robot can truly moving. Today configuration software is
mature gradually, how to configure the industrial robot control system is the next problem to
be studied.

(2) The template of this thesis needs to be connected to Simscape and ANSYS to
parameter calculation and simulation. But now the calculation and simulation is taken in
Simscape and ANSY'S and then the parameters are input to template manually. The next step
is take secondary development on Simscape and ANSYS, so the data between platform and
software can be transmitted automatically.

(3) The established ontology for the industrial robot field is just a primary ontology, and
it needs to be revised and improved continuously based on the actual situation, so as to
continuously optimize the retrieval efficiency, recall ratio and precision ratio of the
service-component.

(4) The functions of the finally prototype system such as creating order, product rating
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and so on need to be further improved.
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