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Abstract

Contrary to traditional product design with predefined functions, an adaptable product is designed
such that its structure can be modified during operation to meet new functional requirements. The
design of adaptable products can extend their lifespans, thereby saving costs for customers and
reducing the environmental impact by avoiding the manufacturing of unnecessary products. The
objective of this research is to develop new methods for adaptable product design through

integrated modelling, evaluation, and optimization.

First, a method is developed to incorporate the considerations of the adaptation process in addition
to the product configuration for optimal adaptable product design. A procedure for the adaptation
of an existing product is also introduced. Since large numbers of adapted design configurations
and adaptation processes are usually considered in the optimization process, a new method is
developed to improve the efficiency of optimization through the evaluation of information quality
in branches of the AND-OR tree based on information entropy and pruning of the branches that

are unlikely to lead to the optimal solution.

Second, a method is introduced for the design of new adaptable products that can be easily changed
during operation stages to satisfy the new requirements. In this method, the generic product design
is modelled by an AND-OR tree, considering alternative solutions of the original product design
configurations, the adapted product design configurations, the product adaptation processes, and
configuration/process parameters. Different feasible solutions are created through tree-based
search. The optimal solution defined by its original product design configuration, adapted product
design configuration, adaptation process, and configuration/process parameters is identified

through multi-level optimization.

Third, a method is formulated to evaluate the general product adaptability, considering cases where
the product adaptation requirements are not available at the design stage. In this evaluation method,
various influencing factors in the product design modelling scheme, including adaptable and
unadaptable components/sub-assemblies, components/sub-assemblies within modules, and
uncertainties associated with components/sub-assemblies in product adaptation, are considered for
calculating the general product adaptability. This new evaluation measure is employed in the
development of an optimal adaptable product design method, considering cases with or without

specific product adaptation requirements at the design stages.
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Chapter 1. Introduction

1.1. Background

Increasing competition in the global marketplace requires manufacturing enterprises to be
responsive in developing products with better functionality, higher quality, lower cost, shorter
development lead time, and increased environmental friendliness. Although advanced
manufacturing technologies, such as computer numerically controlled (CNC) machining, robotics,
computer aided design and manufacturing (CAD/CAM), and computer-integrated manufacturing
(CIM), can partially address these challenges, advanced design technologies and tools are needed
and considered critical, since important decisions are made in the early product design stage with
respect to the product functionality, quality, manufacturability, cost, and environmental

performance for the optimal design and development of products.

Development of adaptable products is considered as an effective approach to improve the
global competitiveness of manufacturers (Gu et al. 2004). Adaptable products are designed to
allow changes to their configurations and parameters during their operation stages to meet new
customer requirements or operating conditions (Gu et al. 2004; Gu et al. 2009; Gu et al. 2024).
The changes can involve modifications to the physical structure of a product to adjust its
functionality. Adaptable design is an approach to achieve the designs of adaptable products to
satisfy the changing requirements (Gu et al. 2009). Adaptable design was first introduced by Gu
et al. (2004) as a design model associated with the product lifecycle concerns from sustainability
point of view. When design requirements are modified as a result of changes in the customer
requirements or the operating environment of a product or due to technological advancement (e.g.,
a computer requiring wireless communication in addition to an Ethernet cable), the manufactured
product may no longer satisfy the new requirements. Either the existing design needs to be adapted
to create a new design and its product, or the existing product needs to be adapted directly to satisty
the new requirements. The task to modify a product to satisfy new requirements is called product

adaptation.

Design of adaptable products can reduce the number of needed products to save costs and
respond quickly to changing customer requirements. Adaptable products are particularly valuable

in environments where technology, consumer preferences, or regulations change frequently.



Instead of discarding or recycling a product when its functions cannot be restored through
maintenance and repair work or when it no longer meets new requirements, the product can be
modified by changing or reconfiguring some of its components and modules to achieve the desired
new functions, allowing the product to remain useful over a longer period without needing to be
completely replaced. This approach not only enhances the product's lifespan but also contributes
to sustainability by reducing waste and demand for new resources and reduces costs for consumers,

thus improving the competitiveness of the product in the marketplace.

Since the introduction of the adaptable product design concept, significant efforts have been
devoted to research in this area (Gu et al. 2009; Gu et al. 2024). Many new methods have been
developed to overcome the challenges primarily in design modelling, design evaluation, and
design optimization. A primary goal of adaptable product design is to extend the functionality of a
product. Therefore, the design of an adaptable product should be modelled in a way such that the
product can be easily changed to deliver new functions. For modelling of adaptable product design,
the AND-OR tree was often used to define the generic product design with multiple design
candidates to satisfy the same design requirements (Xue 1997; Martinez and Xue 2018). The
design of an adaptable product should be evaluated through measures in design. When multiple
design candidates are created, the one with the best evaluation measure values is selected for
production. For the design of an adaptable product, different configurations are required for
different design functions. Various configurations should be designed in a way that allows
changing from one configuration to another one with the minimal effort. Multi-level optimization
was often employed to identify the optimal product design configuration and optimal parameter
values for adaptable product design (Xue et al. 2012; Saad and Xue 2024). In addition to theoretical
research, industrial applications, such as the design of an adaptable product platform for a heavy-
duty gantry milling center to add new machining functions (Cheng et al. 2017a) and the design of
an adaptable machine to coat liquid materials on new products with different shapes (Chen et al.

2018), have also been developed.

The current research on adaptable product design primarily focuses on identifying the optimal
product design configurations and design parameters (Zhang et al. 2014a; Zhang et al. 2014b;
Martinez and Xue 2018), while adaptation processes and their parameters have not been
considered. However, when the efforts required for product adaptation processes are substantial,

it becomes essential to consider not only the product design configurations but also the product

2



adaptation processes. The optimization method may become inefficient when large numbers of
design candidates and process candidates are considered. In order to improve the optimization
efficiency, a novel method is needed to reduce the number of design candidates and adaptation

process candidates.

The process for adapting an existing product, compared with the creation of a new product
from scratch, can result in savings in costs, thus making the product more competitive in the
marketplace. In many cases, however, the efforts needed for adaptation of an existing product
during its operation stage can be high since product adaptation was not considered during the
design stage of that product. As a result, the existing product should be discarded, and a new
product needs to be designed and manufactured. To solve this problem, methods for the design of
new adaptable products that can be easily adapted to satisfy requirement changes should be

developed.

Product adaptability was often used to evaluate the design solutions in adaptable product
design. When the requirements for product adaptation are specific or can be predicted at the design
stage, the product adaptability is called “specific product adaptability” (Gu et al. 2004; Li et al.
2008). When the requirements for product adaptation are not given or unpredictable at the design
stage, the product adaptability is called “general product adaptability” (Fletcher et al. 2009). In the
past, research on the evaluation of product adaptability primarily focused on the development of
various measures to evaluate the specific product adaptability. Evaluation of the general product
adaptability, however, faces challenges due to the unpredictable requirement changes. In real-
world applications, products often encounter unanticipated changes in operating environment, user
demands, regulatory requirements, or technological advancements that arise during their operation
stages. Therefore, development of an effective measure to evaluate the general product adaptability

for adaptable product design is needed.

1.2. Problem Statements

Despite the research efforts devoted to the design of adaptable products as a strategy for
extending products’ lifespans and reducing lifecycle costs, several critical challenges remain
unaddressed in current research. Through extensive literature review, the following problems and

requirements have been identified for optimal design of adaptable products.



(1) Adaptation processes have been overlooked in adaptable product design research. When
both product design candidates and adaptation process candidates are considered,

optimization method may become inefficient.

Adaptation processes can have significant contribution to the overall cost of product
adaptation. When both product design candidates and adaptation process candidates are considered
in the design of adaptable products, the solution space may expand significantly, leading to

challenges in optimization efficiency.

e The current research activities on adaptable product design focused on identification of the
optimal product design configurations and design parameters without consideration of product
adaptation processes and process parameters. When significant effort is required in the product
adaptation process, identification of both the optimal product design (i.e., design configuration
and design parameters) and the optimal adaptation process (i.e., collection of operations and

operation parameters) must be considered.

e Although the multi-level optimization method can be used to identify the optimal product
design configuration, the optimal adaptation process, and the optimal values of design and
process parameters, this method may not be efficient when large numbers of design candidates
and process candidates are considered, particularly for optimization to identify both the optimal
product design candidate and the optimal adaptation process candidate through search with the

AND-OR tree.

e Several methods have been developed to prune branches of the AND-OR tree to improve
optimization efficiency (Gadalla and Xue 2023). Since information entropy (Shannon 1948;
Hayat et al. 2020) is effective to evaluate quality of information in solutions with uncertainties,
it can be considered to evaluate the information quality in branches of the AND-OR tree, such
that the branches with poor information quality are pruned to improve optimization efficiency.
The method to evaluate the branches of an AND-OR tree based on information entropy has

never been developed.

e The approach for adaptation of existing products (i.e., manufactured products) is important
because it can extend their lifespans and play a crucial role in reducing environmental impact.

Adaptation of existing products can be challenging since a systematic procedure for adapting



existing products has not been developed. Therefore, an appropriate procedure for adaptation

of existing products needs to be developed.

(2) Design of the original product configuration before adaptation and design of the adapted

product configuration after adaptation have not been considered together.

The design and adaptation process activities to change an existing product during its utilization
stage and the design and adaptation process activities to create a new adaptable product that can
be easily changed during its utilization stage are different. Identification of the original product
design configuration before adaptation plays a more significant role in influencing the efforts for
product adaptation. The currently developed methods for the design of adaptable products are not
effective for simultaneous design of the original product configurations before product adaptation

and the adapted product configurations after product adaptation.

¢ In the past, many methods have been developed for design considering either adaptation of the
existing products (i.e., only the adapted product design configuration candidates were
considered) or creation of the new adaptable products (i.e., only the original product design
configuration candidates were considered). However, design methods considering both
multiple candidates for the original product design configuration and multiple candidates for

the adapted product design configuration simultaneously have not been developed.

e Although the AND-OR tree can be used to model the generic design and to create different
design candidates through tree-based search, modelling of the generic design considering both
the different candidates for the original product design configuration and the different
candidates for the adapted product design configuration as well as the relevant product

adaptation processes and design/process parameters has not been developed.

(3) The currently developed evaluation methods for the design of adaptable products are not
effective for evaluating the general product adaptability when adaptation requirements

are not specific.

When the specific requirements for product adaptation are not given or unpredictable at the
design stage, the product should be designed with structures to accommodate for the unpredicted
adaptation requirements. Although the general product adaptability considering relations among

different components of the product in the product structure, that is modelled by a tree/graph, has

5



been introduced in the literature (Fletcher et al. 2009), the following problems and requirements

that influence the general product adaptability have been identified.

In the method by Fletcher et al. (2009), all the design nodes in a graph/tree were considered
adaptable, implying that any component in that product can be changed. However, in real world,
changes to some components are not allowed. For example, the RAMs of some laptop

computers cannot be replaced or upgraded when they reach the end of their operational life.

In the method by Fletcher et al. (2009), all the design nodes could be changed separately. In the
real world, some components must be changed together. For example, the three-color toner
cartridges for some printers are designed as single modules and must be replaced together even

when the toner of only one color is run out.

In the method by Fletcher et al. (2009), the probabilities of design node changes were not
considered. In the real world, different components may have different chances to be changed
due to the preferences of customers, the functions of components, and the constraints in product
adaptation. For example, batteries from old cell phones have less chance of being replaced due

to the availability of batteries and the needs of the users.

1.3. Research Objectives

The overall objective of this research is to develop an approach for the design of adaptable

products through integrated modelling, evaluation, and optimization. Based on the discussions of

the three problems stated in Section 1.2, the three objectives of this research are described as

follows:

Objective 1: Development of a method for improvement of optimization efficiency to identify the

optimal product design and the optimal product adaptation process by initial evaluation of

information quality in branches of an AND-OR tree based on information entropy

This specific objective is composed of the following sub-objectives:

Development of a modelling scheme to define the adapted design alternatives, the adaptation

process alternatives, and parameters of design and process alternatives using an AND-OR tree



¢ Investigation of the relations among entropy measures of nodes with AND relations and OR
relations in the AND-OR tree, and development of a method to calculate information entropy

of a branch in the AND-OR tree

¢ Evaluation of the information quality in branches of the AND-OR tree, such that the branches

with poor information quality are pruned to improve optimization efficiency

e Development of a systematic procedure for identification of the optimal adapted product design
configuration, the optimal adaptation process, and the optimal values of configuration/process

parameters for adaptation of an existing product

Objective 2: Development of a method for the design of new adaptable products considering the
original design configurations before adaptation, the adapted design configurations after

adaptation, and the adaptation processes
This specific objective is composed of the following sub-objectives:

e Development of a framework to integrate the tasks for adaptation of existing products and tasks

for the design of new adaptable products in the same environment

e Development of a modelling scheme to define different candidates for the original product
design configurations, the adapted product design configurations, the adaptation processes, and

configuration/process parameters using AND-OR tree

e Development of a systematic procedure for identification of the optimal original design
configuration, the optimal adapted design configuration, the optimal adaptation process, and

the optimal values of configuration/process parameters for design of new adaptable product

Objective 3: Development of a method to evaluate the general product adaptability based on the
method developed by Fletcher et al. (2009) considering various factors that influence the general
product adaptability for the design of adaptable products

This specific objective is composed of the following sub-objectives:

e Development of a modelling scheme to define the generic product design AND-OR tree
considering both adaptable design nodes and unadaptable design nodes, design nodes in

modules, and adaptation probabilities of design nodes



e Development of a method to evaluate the general product adaptability of a design candidate
solution considering the influence of adaptable and unadaptable nodes, design nodes in

modules, and adaptation probabilities of design nodes

e Development of a systematic procedure for identification of the optimal adaptable product
design solution with the best general product adaptability considering both cases without
specific adaptation requirements and cases with specific adaptation requirements, and
considering the influence of adaptable and unadaptable nodes, design nodes in modules, and

adaptation probabilities of design nodes

1.4. Research Summary

This section summarizes the approaches developed in this thesis based on the problem

statements and research objectives presented in Section 1.2 and Section 1.3, respectively.

(1) Development of a method for improvement of optimization efficiency to identify the optimal
product design and the optimal product adaptation process by initial evaluation of information

quality in branches of an AND-OR tree based on information entropy

In this research, both product design candidates and adaptation process candidates are
considered for adaptation of existing products. A new optimization approach to identify both the
adapted product design and the product adaptation process is developed with initial evaluation of
information quality in branches of an AND-OR tree based on information entropy. In this
approach, various candidates of design configurations and operation processes for adaptation of
an existing product are modelled by an AND-OR tree with design and process nodes. Design and
process nodes are further associated with design and process parameters. The different adapted
design configuration solutions and product adaptation process solutions are created from the AND-
OR tree through tree-based search. Optimization to identify the best adapted design and adaptation
process is conducted at two levels: configuration/process optimization level and parameter
optimization level. Information entropy is employed to evaluate the information quality of partial
configuration/process candidates modelled as branches in the AND-OR tree to eliminate the
branches that are unlikely to lead to the optimal solution for improvement of the optimization

efficiency.



(2) Development of a method for the design of new adaptable products considering the original
design configurations before adaptation, the adapted design configurations after adaptation,

and the adaptation processes

In this research, a new method is developed to identify the original product design
configuration, the adapted product design configuration, and the product adaptation process for
the design of a new adaptable product. In this method, the generic adaptable product design
considering alternative solutions of the original design configurations, the adapted design
configurations, and the product adaptation processes is modelled by an AND-OR tree. Nodes of
this tree are defined by unadaptable design nodes, adaptable design nodes, and adaptation process
nodes. Design and process nodes are further associated with design and process parameters. The
different original design configuration solutions, adapted design configuration solutions, and
process solutions are created from the AND-OR tree through tree-based search. Solution of the
adaptable design with the optimal original design configuration, adapted design configuration, and
product adaptation process is identified through multi-level optimization (i.e.,

configuration/process optimization and parameter optimization).

(3) Development of a method to evaluate the general product adaptability based on the method
developed by Fletcher et al. (2009) considering various factors that influence the general

product adaptability for the design of adaptable products

In this work, a method is developed to evaluate the general product adaptability for the design
of adaptable products, based on the method developed by Fletcher et al. (2009), considering
influencing factors. In this method, in addition to the general product adaptability defined by
comparison between the actual product architecture and its ideal segregated product architecture,
influences of adaptable and unadaptable components/sub-assemblies, components/sub-assemblies
in modules, and uncertainties of components/sub-assemblies in product adaptation are also
considered for evaluation of the general product adaptability. The developed measure is integrated
with the approach for design of new adaptable products considering cases without specific
adaptation requirements and with specific adaptation requirements. The new measure is used to
evaluate all the possible solutions to identify the one with the best general product adaptability

value.



1.5. Thesis Structure
1.5.1. Thesis organization
The rest of this thesis is organized as follows.

In Chapter 2, a literature review is provided in the research areas relevant to this thesis,
including modelling, evaluation, and optimization methods for the design of adaptable products.
The characteristics of these existing methods are explained and discussed for a better

understanding of the newly developed methods summarized in this thesis.

In Chapter 3, a method based on information entropy is developed to improve the optimization
efficiency when large numbers of product design candidates and adaptation process candidates are
considered. A systematic procedure for the adaptation of existing products during their operation

stages is also explained.

In Chapter 4, a method is introduced to identify the optimal original design configuration,
adapted design configuration, and adaptation process for design of a new adaptable product. In
this method, a framework to integrate both the tasks of the design for adaptation of existing
products and the tasks for the design of new adaptable products into the same environments is
developed. A systematic procedure for the design of new adaptable products that can be easily

changed during their operation stages is also explained.

In Chapter 5, a method is developed to evaluate the general product adaptability for the design
of adaptable products considering the influencing factors of adaptable nodes and unadaptable
nodes, nodes in modules, and probabilities of node adaptations. The developed new evaluation
measure is employed in the development of a new adaptable product design approach, considering

cases without or with specific requirements for product adaptations at the design stage.

In Chapter 6, the major contributions of this research are summarized. Potential improvements

and challenges to be further investigated as future work are also discussed.

1.5.2. Relations among Chapters 3-5

Chapters 3-5 are organized in the sequences considering design scopes and adaptation

requirements for adaptable product design as shown in Table 1.1.
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Table 1.1. Relations among Chapter 3, Chapter 4, and Chapter 5

Design scopes Adaptation requirements
Design of the Design of the Specific General
adapted product original product adaptation adaptation

configuration configuration requirements requirements

Chapter 3 v v

Chapter 4 v v v

Chapter 5 v v v v

(1) Design scopes

Scopes of adaptable product design in this work are classified into the following two

categories.

Design for adaptation of existing products

This type of design focuses on identification of the design solution for adaptation of an existing
product (i.e., manufactured product). Multiple adapted product design solutions are usually
created and evaluated for selection of the optimal one. An example for this type of design is to
convert an existing internal combustion engine (ICE) car into an electric vehicle (EV).
Different electric motors and batteries are considered for identification of the optimal adapted

design of the electric vehicle.

Design of new adaptable products

The efforts for adaptation of existing products are usually high since product adaptation was
not considered during the design stages. The approach for the design of new adaptable products
can be used to solve this problem by creating new adaptable product designs that can be easily
adapted during their operation stages. Multiple design candidates of the original product
configuration before product adaptation are usually considered for selection of the optimal
solution. For each of the original product design configurations, multiple solutions of the
adapted product design configurations are also considered for selection of the optimal adapted
product design configuration. An example of this type of design is to create a new adaptable

ICE car for easy conversion into an EV.

In Chapter 3, only the design for adaptation of existing products is conducted considering

multiple solutions of the adapted product design configurations. In Chapters 4 and 5, design of the
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new adaptable products considering both multiple solutions of the original product design

configurations and multiple solutions of the adapted product design configurations for each of the

original product design configurations is carried out.

(2) Adaptation requirements for adaptable product design

In this work, product adaptation requirements for the design of adaptable products are

classified into the following two categories, specific product adaptation requirements, and general

product adaptation requirements, depending on whether adaptation requirements are given at the

design stage.

Specific product adaptation requirements

Specific product adaptation requirements are given or can be predicted at the design stage.
Design solutions can be evaluated considering the specific adaptation requirements by
measures such as the specific product adaptability (i.e., cost saving percentage for adapting an
existing product compared to creating a new one) (Gu et al. 2004), or the adaptation cost (i.e.,
the total cost required to convert a product from the original configuration to the adapted

configuration).

General product adaptation requirements

The general product adaptation requirements are the ones that are unknown or unpredictable
at the design stage. Even when the requirements for product adaptation are unpredictable at the
design stage, products should also be designed with structures to accommodate for these
unpredicted product requirements. Geneal product adaptability is such a measure to evaluate
product adaptability without given specific product adaptation requirements. An example of
general product adaptability was defined by comparing the current product architecture with

the ideal (segregated) product architecture (Fletcher et al. 2009).

In Chapters 3 and 4, design with specific product adaptation requirements is considered. In

Chapter 5, design with general product adaptation requirements is considered.

As stated earlier, in the design of adaptable products, many methods and tools have been

developed to overcome the challenges primarily in design modelling, design evaluation, and
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design optimization. Table 1.2. summarizes the main work carried out in Chapters 3-5 with respect

to the key aspects of adaptable product design (i.e., modelling, evaluation, and optimization).

Table 1.2. Modelling, evaluation, and optimization aspects for adaptable product design in Chapters 3-5

Adaptable Chapter 3 Chapter 4 Chapter S
product
design aspect

Modelling | o Adapted product design e Original product design e Original product design
configuration candidates configuration candidates configuration candidates
Product adaptation process | e Adapted product design o Adapted product design
candidates configuration candidates configuration candidates
Parameters of e Product adaptation Parameters of configuration
configuration/process process candidates

e Parameters of
configuration/process

Evaluation Specific product e Specific product Specific product
adaptability and adaptability and adaptability and Adaptation
Adaptation cost Adaptation cost cost
Other evaluation measures | o Other evaluation measures General product
(e.g., cost, performance) (e.g., cost, performance) adaptability
Overall evaluation index e Overall evaluation index Other evaluation measures
considering multiple considering multiple (e.g., cost, performance)
evaluation measures evaluation measures Overall evaluation index

considering multiple
evaluation measures
Optimization | e Information entropy of a e Identification of the Identification of the optimal

branch in an AND-OR tree optimal solution with the solution with the original
to improve optimization original product product configuration and
efficiency configuration, adapted adapted product
Identification of the product configuration, and configuration
optimal solution with the product adaptation Identification of the optimal
adapted product process configuration parameter
configuration and the e Identification of the values
product adaptation process optimal configuration and
Identification of the process parameter values
optimal configuration and
process parameter values
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Chapter 2. Literature Review

2.1. Adaptable Products

This section introduces the concept of adaptable products. A brief overview for the process of
adaptable product design is also provided, followed by a discussion of the key environmental and

economic benefits for the design of adaptable products.

2.1.1. Introduction to adaptable products

Product competition in the global marketplace demands products manufactured with better
functionality, higher quality, lower cost, shorter development lead time, and increased
environmental friendliness (Gu et al. 2004). Increased demand for a greater choice of products has
prompted many businesses to rethink their strategies to deliver more product possibilities while
retaining production efficiency. Moreover, intense market competition is causing multiple conflicts
among users, manufacturing enterprises, and society (Mabey et al. 2023). Users anticipate
acquiring high-quality, personalized, and intelligent products at lower prices. Manufacturing
enterprises consider the impact of production factors such as cost and efficiency. Meanwhile,
society demands sustainability, minimal carbon emissions, and energy efficiency. The uncertainty,
variability, and unpredictability of requirements, coupled with the limited availability and cost of
material resources, and the potential for environmental pollution, are key issues in the product

competition in the global marketplace (Mabey et al. 2023).

The traditional products are designed with predefined functions. Although maintenance and
repair are often carried out to preserve these functions, product structure changes to achieve new
functions are typically not allowed. Adaptable products are the ones that can be easily changed to
satisfy new functional requirements during their utilization stages (Gu et al. 2004; Gu et al. 2009;
Gu et al. 2024). The concept of adaptable product design was introduced by Gu et al. (2004) to
improve the competitiveness of manufacturers by creating adaptable products, particularly
mechanical products, that can be easily modified to satisfy changes in functional requirements,
operation environments, and technology advancement during their operation stages. An example

of an adaptable product is a laptop that can be adapted by replacing or upgrading its RAM. A cell
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phone that can be adapted by changing its memory unit to store more data is another example of

an adaptable product.

Product adaptability was usually used to evaluate the design of adaptable products (Gu et al.
2004; Cheng et al. 2011). The product adaptability is defined as the capability of a physical product
to be adapted to satisfy the changed requirements. In adaptable product design, a new product is
achieved by modifying the existing product, such as adding new components/modules, replacing
or upgrading the existing components/modules with new ones, and reconfiguring the existing
components/modules. The activity to modify a product to satisfy new requirements is called
product adaptation. Product adaptation can be carried out either by the user or by a contractor

requested by the user. Product adaptation is usually carried out through the following steps:

e Definition of new requirements

e Selection of the existing product

e Selection of the existing design corresponding to the existing product

e Creation of new design solution candidates for product adaptation through design adaptation

e Evaluation of the design solution candidates and identification of the best design solution

candidate
¢ Change of the existing product through product adaptation to satisfy the new requirements

For a product to be adaptable, its design should also be adaptable. Willems et al. (2003)
reported that the adaptability of a product at the end of its lifecycle is significantly influenced by
its design. When design requirements are modified due to changes in the customer requirements
or the operating environment of a product or advances in technology, the manufactured product
may not be able to satisfy the new requirements. Either the existing design needs to be adapted to
create a new design and its product, or the existing product needs to be adapted directly to satisty
the new requirements, as shown in Figure 2.1. Similar to product adaptation, the tasks to modify a

design to satisfy new requirements are called design adaptation.
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Figure 2.1. Design adaptation and product adaptation in adaptable design (Gu et al. 2009)

2.1.2. Benefits of adaptable product design

Adaptable product design has gained popularity in recent decades as a critical tool for lowering
resource consumption and energy use, as well as environmental impact, while preserving or
improving consumer satisfaction. In this section, the key advantages of adaptable product design

are explored, highlighting its value for the users, the environment, and the economy.

Benefits for the users — Extended product utility

The “extension of utility” is the underlying rationale for adaptable product design (Gu et al.
2004). The purpose of any product is to perform the intended functions, which can be called
“normal operational mode”. This is also known as the “utility” of the product (Gu et al. 2004). The
“extension of utility” means that the aim for the design of an adaptable product is to extend the
utility of the product into operational modes for which the product, if not made adaptable, would
not be useful. However, when the requirements change such as new functions are needed or more
advanced technologies are developed, the current operational mode of a product may no longer
satisfy these new requirements. This extended utility enhances user’s satisfaction, reduces the need
for frequent purchases, and provides better long-term value for the product throughout its lifecycle.
While acquiring a new product is often an option when operational modes change, the adaptable
product design approach promotes modifying the existing product to meet the new requirements.
Adaptable products, when well-designed, should be relatively easy for users (or contractors
requested by the users) to modify and the adaptation process should be cost-effective for the user.
By extending the utility and service life of the product, and the ability to replace multiple products,

adaptable products offer users significant cost savings. Instead of following the traditional design
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approach that focuses on restoring a product’s functionality to a predefined level through
maintenance and repair, as shown in Figure 2.2(a), adaptable product design allows for

improvements of product functionality through modifications, such as upgrading, as shown in

Figure 2.2(b).

Initial Design

Initial Design

Maintenance Limit

Product Functionality
Product Functionality

Maintenance Limit

Product Life Cycle Product Life Cycle

(a). Traditional design (b). Adaptable product design

Figure 2.2. Traditional design and adaptable product design considering product functionality (Gu et al. 2009)

Environmental benefits

Reducing the environmental impact of a product throughout its lifecycle has become a key
objective in design and manufacturing. Traditional product lifecycles, which start from raw
material extraction to retirement, often result in significant resource consumption and waste
generation. To mitigate these effects, several strategies, such as recycling (Li 2019; Karim and
Nakade 2022), remanufacturing (Diallo et al. 2017; Nasr 2024), and product adaptation (Gu et al.
2009), have been developed to minimize environmental impact, as shown in Figure 2.3. Recycling
returns the materials from the retired product stage to earlier stages such as material processing,
while remanufacturing redirects the components of the retired product into later stages of the
production chain, potentially offering greater benefits than recycling. Product adaptation occurs
during the operation phase, allowing the product to be modified, such as being upgraded, to extend
its lifespan. Compared with recycling and remanufacturing, the design of adaptable products
considering product adaptability can further reduce the waste created in the remanufacturing and
recycling processes by only modifying a small number of the existing components/modules of a

product to extend its lifespan to satisfy the new required functions.
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Figure 2.3. Various methods to reduce the environmental impact (Gu et al. 2009)

Economic benefits

The adaptable product design offers a wide range of economic benefits across the entire
product lifecycle. When adaptable product design method is used to create new designs, existing
designs are reused to save time and effort in the new product development process. Instead of
discarding or recycling a product when its functions cannot be restored through maintenance (De
Campos and Simon 2019; De Jonge and Scarf 2020) and repair (Mezafack et al. 2022; Van
Oudheusden et al. 2023) work or when they no longer meet the new requirements, the product can
be modified by changing some of its components/modules to achieve the desired new functions.
Therefore, the process of adapting an existing product, compared with the creation of a new
product from scratch, can result in savings in product development lead time and costs for the

producer, thus making the product more competitive in the marketplace.

2.2. Methodology for the Design of Adaptable Products

Development of advanced design theory and methodology is widely recognized as an effective
approach to improve product competitiveness in the marketplace (Tomiyama et al. 2009). In the
following sections, Section 2.2.1 presents a literature review on the commonly used design
methodologies, such as modular design, product platform/family design, mass customization
product design, reconfigurable product design, and robust design, as well as various Design for X
(DfX) approaches that aim to improve the competitiveness of the products in the marketplace.
Section 2.2.2 then addresses the core issues in the adaptable product design approach, including

modelling, evaluation, and optimization.
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2.2.1. Common design methodologies

Prior to the introduction of adaptable product design concept, many design methods, including
modular design, product platform/family design, mass customization product design,
reconfigurable product design, robust design, and Design for X (DfX), have been developed for

design of mechanical products to better satisfy the customer requirements.

Modular design

Modular design approach has been widely used for providing product variety and reducing
production costs. In modular design, some components in a product are grouped into relatively
independent modules such that these modules can be easily assembled in manufacturing and
disassembled in maintenance non-destructively (Bonvoisin et al. 2016; Ma and Kremer 2016). The
different components are usually grouped into modules based on their similarities in functions,
technologies, structures, and/or manufacturing processes (Fixson 2007; Salonitis 2014). Since the
modules are relatively independent, they can be designed and manufactured separately. In addition,
manufacturing cost can be reduced, and product variety can be increased by designing standard
modules to be used in different products. Modular design serves as basis for adaptable product
design. Generally, the modular design can be used for creating adaptable products through
developing changeable modules based on the changeable requirements. Martinez and Xue (2018)
introduced a new modular design approach considering the whole product utilization spans to
identify modules for design of adaptable products. In this work, the product components with
similar lifecycle properties such as operation phases and lifespans were grouped into modules
using a fuzzy pattern clustering method. Although products developed using adaptable design have
the modular architectures, modular products are not necessarily adaptable products that can be

changed in the operation stages to satisfy the changed requirements.

Product platform/family design

The products sharing the same platform usually form a family of products. Product
platform/family design method is an extension of the modular design method through the use of
the platform in all the designs of a product family (Jiao et al. 2007; Simpson et al. 2014; Gauss et
al. 2021). In the design of adaptable products, platform design approach can be used to achieve

the different functions of the products in a product family. When certain functions are required,
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the modules with these functions are then attached to the platform. Cheng et al. (2017a) introduced
a novel design method to identify an adaptable product platform for a family of heavy-duty gantry
milling machines based on sensitivity design structure matrix. In this work, the customer
requirements were first classified into different groups based on K-means clustering method.
Sensitivity design structure matrix was then employed to separate non-adaptable parameters in
non-adaptable platform modules and adaptable parameters in adaptable platform modules.
Although product platform and family design can better satisfy the customer needs with a variety
of products, changes in functional requirements of the purchased products are usually not

considered in the design process.

Mass customization product design

Mass customization product design is an approach to produce customized products based on
the requirements of individual customers with near mass production efficiency (Fogliatto et al.
2012; Smith et al. 2013; Hou et al. 2022). The computer-based design systems as well as
production planning systems are usually required for mass customization (Gu et al. 2009). An
example of a mass customized product is a personal computer that allows different customers to
select different modules based on their needs. Since mass customized products are usually
modelled by exchangeable modules, mass customization product design can be employed in the
design of adaptable product approach. Although products created using mass customized product
design method can satisfy individual customer’s needs at product purchasing stage, these products

may not be adaptable in the operation stages.

Reconfigurable product design

Reconfigurable products, such as reconfigurable machines, are designed to replace multiple
products with single ones (Landers et al. 2001; Katz 2007; Gadalla and Xue 2017). Reconfigurable
products can be changed in the operation stages to satisfy different functional requirements. In
research on design of reconfigurable mechanical products and systems, Kalyanasundaram and
Lewis (2014) introduced a method to combine functional structures of the existing products to
obtain the overall functional structure of the reconfigurable product to deliver multiple functions.
Gadalla and Xue (2018) presented an approach to identify the optimal configurations and

reconfiguration processes for design of reconfigurable machine tools. This approach was further
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improved by considering the dependency relations among descriptions of design/process
candidates and evaluation criteria (Gadalla and Xue 2020). In reconfigurable product design,
although the reconfigurable products can be changed in the operation stages to satisfy different

functional requirements, new functions cannot be added during operation stages.

Robust design

Products created through robust design approach can deliver the required functions even under
uncertain conditions such as manufacturing process variations or operating condition variations
(Arvidsson and Gremyr 2008; Hasenkamp et al. 2009; Gremyr et al. 2014). The uncontrolled
variations that may affect the product’s performance are described by the term “noise”. A high-
quality product should not be sensitive to noise factors. The robust design method was first
introduced by Taguchi in the 1970s (Taguchi 1978). Robust design aims at improving the desired
performance of the product while minimizing the effects of noise. For the design of an adaptable
product, due to its complex architecture, multiple functional requirements, and changes of
product’s configurations and parameter values in operation stage, impact of uncertainties to the
functional performance measures should be considered. Zhang et al. (2014b) developed a robust
adaptable design approach considering changes in requirements and parameters during the product
operation stage by optimization with an objective function defined by both the evaluation measures
and variations of evaluation measures due to noise. This robust design method was further
extended by considering changes in product configurations (Zhang et al. 2014a) and the design of
open architecture products (Zhang et al. 2015). Deabae and Xue (2025) also introduced a new
robust adaptable product design method to identify the optimal design including the product
configurations and parameter values considering uncertainties in both product configurations and

product parameters.

Design for X (DfX)

Design for X is an approach to incorporate one downstream product lifecycle aspect into the
design phase, thereby generating a design with good evaluation measure to that aspect (Holt and
Barnes 2010; Chiu and Kremer 2011; Sassanelli et al. 2020). Typical Xs include manufacturing,
assembly/disassembly, and recycling. Design for manufacturing (DFM) and design for assembly
(DFA) (Kuo et al. 2001; Battaia et al. 2018) methods were developed from the fact that the cost of
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producing a product is largely determined by its design. Failing to consider manufacture and
assembly in design can result in products that are either fundamentally impossible to make, or
more expensive, and hence less profitable, than they should be. The focus of these techniques is
therefore to reduce the cost of product development, either by minimizing manufacture and
assembly costs, or by avoiding unnecessary design iterations. Similar to DFA, design for
disassembly (DFD) (Desai and Mital 2003) establishes and evaluates feasible disassembly
sequences for a product. Evaluation is sometimes based on the time/cost of disassembly. The easier
a product is to disassemble, the greater the chance that its parts will be reused or recycled. Design
for recycling (DFR) (Yadav et al. 2018) is closely related to DFD. After all, assemblies whose parts
are difficult to separate are much more difficult to recycle. Other DfX methods developed in the
literature (Holt and Barnes 2010) to improve product quality, lifecycle performance, and overall

design efficiency include design for quality, design for maintenance, and design for reliability.

2.2.2. Key issues in developing the adaptable product design methods

Since the introduction of the adaptable product design concept, significant efforts have been
devoted to research in this area (Gu et al. 2004; Gu et al. 2009; Gu et al. 2024). Many new methods
and tools have been developed to overcome the challenges primarily in design modelling, design

evaluation, and design optimization.

Modelling for the design of adaptable products

Modelling of adaptable products serves as a foundation for the design of adaptable products.
An adaptable product is described by its functions and solutions. Therefore, it is required to model

design functions and design solutions considering product adaptability.

(1) Functional modelling

The design requirements are usually modelled by functions and sub-functions. A primary goal
of adaptable product design is to extend the functionality of products. Therefore, it is required to
model design functions considering product adaptability (Erden et al. 2008). In addition, function
changes, such as the potential functions that may be used in the future, should be modelled.

Modelling of multiple functions to replace multiple products with a single one is also required.
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The major requirements for function modelling in the design of adaptable products were outlined

by Gu et al. (2009) as follows:

e When a product is created using the adaptable product design approach to provide multiple
functions that are usually delivered by multiple products, the modelling of multiple and/or

alternative functions is needed.

e Due to the complexity of adaptable product design, modelling of functions and their associated

relations at multiple levels is required.

e Modularity and independence of functions must be considered, as functions may be added,

removed, or modified in the design of adaptable products.

¢ Function modelling should capture/describe both qualitative and quantitative requirements.

(2) Design solution modelling

The design of an adaptable product should be modelled such that the product can be easily
changed to deliver the new functions. The relationships between design functions and design
solutions should also be modelled to identify the multiple design candidates that can deliver the
required functions for selection of the best one. A design solution is often modelled by structure of
the product (Lyu et al. 2017). A structure is composed of components, assemblies, and parameters
of these components and assemblies. For adaptable product design, changes of the product in
operation stage should also be modelled. The major requirements for design solution modelling in

the design of adaptable products were outlined by Gu et al. (2009) as follows:

e Due to the complexity of a product’s structure in the design of adaptable product, modelling

of design descriptions and their associated relations at multiple levels is required.

e The relationships between design functions and design solutions should be described, as design

solutions are required to achieve the desired functions.

e Design solution modelling should capture/describe both qualitative and quantitative

requirements.

e An approach to reduce the product adaptation effort and cost is needed, as

components/modules may be added, removed, or replaced in the design of adaptable products.
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e When a product is created using the adaptable product design approach to replace multiple
products, some components/modules may be used in all product configurations, and others
may be used in only specific configurations of the product. The design solution modelling
should clearly describe which components/modules are shared across all configurations, and

which are specific to certain configurations.

Evaluation for the design of adaptable products

Development of effective evaluation methods is critical to the design of adaptable products.
The design of adaptable products should be evaluated through measures such as functional
performance and production costs (Gu et al. 2004). Since multiple evaluation measures with
different units are often considered in the design of adaptable products, methods to convert these
evaluation measures into comparable evaluation indices to build an overall evaluation index should

be considered.

For evaluation of an adaptable product design, product adaptability was often used to assess
the capability of an existing product to be adapted to a new one to satisfy the changed requirements
(Gu et al. 2004; Li et al. 2008; Fletcher et al. 2009). When specific adaptation requirements were
provided, the adaptability to change the product to satisfy these new requirements was defined as
specific product adaptability (Gu et al. 2004; Li et al. 2008). Specific product adaptability was
calculated by comparing relative efforts for adaptation of an existing product to the efforts required
for creating a new product (Gu et al. 2004). Li et al. (2008) extended this specific product
adaptability evaluation method by considering three types of product adaptation tasks:
extendibility of functions, upgradeability of modules, and customizability of components.
Adaptability without considering specific adaptation requirements was called general product
adaptability. Fletcher et al. (2009) developed a method to measure the general product adaptability
by comparing the current product architecture with the ideal (segregated) product architecture.
Other measures, such as essential adaptability and behavioral adaptability (Cheng et al. 2011),
product upgradability (Ma et al. 2024), and openness (Chen et al. 2018) as well as the traditional

measures of performance and cost, have also been considered for adaptable product design.
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Optimization for the design of adaptable products

Adaptable products are designed to satisfy different requirements of customers using fixed
components/modules and changeable components/modules to form different configurations
quickly. Finding the best configuration from all feasible configurations is a crucial aspect that
needs to be considered in adaptable product design. When multiple design configuration
candidates are created, the one with the best evaluation measure is selected for production. For the
design of adaptable products, various configurations should be designed in a way such that

changing from one configuration to others requires the minimum effort.

Optimization plays an important role to achieve the optimal adaptable product design solution
from all feasible design solutions. Typical optimization process requires the following steps

(Nocedal and Wright 2006):
e Identification of the objective function, variables and constraints

e (Construction of an appropriate model to represent the product or system. If the model is overly
simplified, it will not give useful insights into the practical problem. If the model is too

complex, it may be difficult to solve

e Identification of an optimization algorithm to find the solution, usually with the help of a

computer

Optimization tools can be used to achieve the optimal designs of adaptable products. Typical

tools include:

e Constrained optimization tools based on numerical search (Nocedal and Wright 2006)

e Multi-objective optimization tools considering evaluation measures in different lifecycle

aspects (Wang et al. 2011; Gunantara 2018)

e Multi-level optimization tools for identification of both the optimal configuration and the

optimal parameters (Zhang et al. 2014a; Martinez and Xue 2018)

e Global optimization tools to improve optimization quality by preventing the optimal solution

from falling into local optimal locations (Grossmann 2013)
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2.3. Modelling, Evaluation, and Optimization for the Design of Adaptable Products

This section presents a review on the different methods of modelling, evaluation, and

optimization for the design of adaptable products.

2.3.1. Modelling methods for the design of adaptable products

Since a major objective of developing an adaptable product is to extend the product’s
functionality, modelling of design functions has been extensively studied (Erden et al. 2008).
Similarly, the research on design representation has been extensively carried out with the advances
of CAD and lifecycle engineering design (Lyu et al. 2017; Baxter 2018). The major methods that
can be used for modelling of functions and/or design solutions for adaptable product design include
tree-based, network-based, and AND-OR tree-based modelling techniques. The design of an
adaptable product should be modelled such that the product can be easily changed to deliver
different functions. A design solution, modelled by a structure of the product, is composed of

components, assemblies, and parameters of these components and assemblies.

In adaptable product design, various schemes, such as a simple tree, a network, an AND-OR
tree, and artifacts and attributes, as shown in Figure 2.4, can be used for function modelling and/or
design modelling (Gu et al. 2009). The major methods that can be used for modelling of design

functions and/or design solutions in the adaptable product design are summarized as follows.
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Figure 2.4. Various design function/solution modelling methods (Gu et al. 2009)
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Tree-based design function/solution modelling

In a simple tree, design functions/solutions are modelled at multiple levels, as shown in Figure
2.4(a). For functional modelling, a function can be represented by a node. A complex function is
decomposed into sub-functions. The root node of a simple tree represents the overall function.
Solutions to the sub-functions are identified and then used to satisfy the overall function. Similarly,
for design solution modelling, a complex product is decomposed into sub-systems. In a CAD
system, such as SolidWorks, a product is modelled by a tree with leaf nodes representing parts and

other nodes representing assemblies.

In the design of adaptable products, Gu et al. (2004) and Hashemian (2005) classified functions
into physical functions and non-physical functions. The functions were modelled in a hierarchical
data structure representing design rationales. This hierarchical function modelling scheme was
called the rational functional structure of the design, where hierarchical functions were mapped to
hierarchical physical structures in order to model the design. In this structure, functions were
relatively independent, and the product could be modified easily to deliver different functions. In
the work by Fletcher et al. (2009), a hierarchical data structure was also used to model a product.
The same hierarchical data structure was used to describe both the physical and functional parts.
Since each element of the product usually provides a certain function, this hierarchical data

structure of product functions was then mapped to a hierarchical data structure of product parts.

Network-based functional modelling

The network scheme is usually used for function modelling in the design of adaptable products.
In this method, relations among functions form a network, as shown in Figure 2.4(b). The relations
can be modelled by different types of flows, including materials, energy, and information flows

(Pahl et al. 2007).

In the design of adaptable products, a product defined by a network-based structural model can
be difficult for product adaptation. Therefore, Fletcher et al. (2009) changed the design from the
network-based structure to tree-based structure, called segregated structure, which played an
important role in the design of adaptable products. Fletcher et al. (2009) studied general product
adaptability considering different structures of the considered product. They found that the design
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modelled by a segregated structure (i.e., tree structure) provided better product adaptability than

the design modelled by a full structure (i.e., network structure).

AND-OR tree-based design functions/solution modelling

For modelling of an adaptable product design, the AND-OR tree introduced by Xue (1997)
was effective for modelling design functions, and alternative product configurations to satisfy the
same required design functions, as shown in Figure 2.4(c). In an AND-OR tree, AND and OR
relations among sub-nodes are used to define the composition and alternative functions/solutions
of design descriptions. In this scheme, if all sub-nodes have to be satisfied to achieve a super-node,
these sub-nodes are associated with an AND relation. If only one sub-node needs to be satisfied to
achieve a super-node, these sub-nodes are associated with an OR relation. Each node in the AND-
OR tree is associated with design parameters. Tree-based search (Russell and Norvig 2002) can be

used to generate design candidates.

In the design of adaptable products, the AND-OR tree was often used to model the generic
product design considering different product configurations and their parameters to satisfy the
same design requirements (Zhang et al. 2014a; Martinez and Xue 2018). The AND-OR tree can
be used to model the different alternative design candidates to identify the optimal one. In the work
by Zhang et al. (2014a), a hybrid AND-OR tree was developed by introducing an OR relation in
operation (OR-0), in addition to the regular AND and OR relations. When different components,
assemblies and modules of the adaptable product needed to satisfy the different requirements in
different operation phases, the relevant design nodes were associated with an OR-A relation.
Martinez and Xue (2018) utilized the hybrid AND-OR tree to model all feasible design solutions
considering different configurations and their parameters for the design of adaptable products
considering the whole product utilization spans. Similarly, Gadalla and Xue (2018) used the hybrid
AND-OR tree to model the different product design candidates and reconfiguration process

candidates, and the parameters of design and process of reconfigurable machine tools.

Qualitative information and quantitative information in design solution modelling

This scheme was developed by Xue and Yang (2004) to model both qualitative information
and quantitative information in design solution using artifacts and attributes. In this scheme, design

nodes were modelled by artifacts, where each artifact was described by attributes. Each artifact
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represented either a component or an assembly. For modelling of quantitative information, an
attribute was associated with a value. The quantitative relations among attributes were modelled
by numerical functions. When the value of one attribute was modified, this change was propagated

to the other relevant attributes through the quantitative relations.

2.3.2. Evaluation methods for the design of adaptable products

Design for adaptable products should be evaluated through measures in design such as
functional performance and production costs. When multiple design candidates are created, the
one with the best evaluation measure is selected for production. Product adaptability was often
used to evaluate the design solutions for the optimal design of adaptable products. When
requirements for product adaptation are specific or can be predicted at the design stage, the product
adaptability is called “specific product adaptability” (Gu et al. 2004; Li et al. 2008). When
requirements for product adaptation are unknown or unpredictable at the design stage, the product
adaptability is called “general product adaptability” (Fletcher et al. 2009). Product lifecycle
evaluation measures, such as manufacturability (Shukor and Axinte 2009) and serviceability

(Gobbo and Borsato 2021), can also be considered for the design of adaptable products.

Evaluation of specific product adaptability with specific adaptation requirements

In the past, research on the evaluation of product adaptability primarily focused on the
development of various measures to evaluate specific product adaptability. Gu et al. (2004) defined
a measure of specific product adaptability by comparing the cost of an adaptation task to modify
an existing product and the cost of creating a new product to satisfy a new requirement. Li et al.
(2008) extended this specific product adaptability by considering different types of product
adaptation tasks: extendibility of functions, upgradeability of modules, and customizability of
components. Uckun et al. (2014) introduced a method to evaluate product adaptability based on
product architecture characteristics, including modularity, hierarchy, interfaces, and performance
sensitivity. The specific adaptability was defined as a weighted summation of these architectural
characteristics. Engel et al. (2017) introduced a measure called the architecture adaptability value
(AAV) by considering both the benefits of more architecture options and the costs of interfaces. In
this work, the option value of each component was defined as the difference between the

component’s present cost and the expected benefit of changing it in the future. Cheng et al. (2017b)
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developed a method to measure the adaptability of an adaptable product platform based on the
information content in the axiomatic design method. In their research, four aspects of adaptability,
namely reusability, customizability, interface flexibility, and upgradeability, were considered. The
information content was calculated by the probability of success of a design in meeting the
specified functional requirement. Sun et al. (2024) developed a method to evaluate the adaptability
of a design candidate by calculating the extra design effort for satisfying the design requirements,
which was the difference in information content between the design candidate and design

requirements based on the information entropy theory.

Since many existing design methods, including modular design, product platform/family
design, mass customization product design, and reconfigurable product design, can also be used
for achieving some of the goals in the design of adaptable products, evaluation measures developed
in these methods can also be considered in adaptable product design. The popular modular design
method aims at clustering components into modules, such that the same standard modules can be
used for building different products to reduce efforts in manufacturing, maintenance, and repair
(Bonvoisin et al. 2016). Various modularity measures were introduced to evaluate the degrees to
which products’ components can be separated and recombined (Gershenson et al. 2004; Fixson
2007; Bonvoisin et al. 2016). Product platform/family design method is an extension of the
modular design method through the use of a shared common module, called a platform, in all the
designs of a product family (Jose and Tollenaere 2005; Simpson et al. 2006; Jiao et al. 2007,
Ripperda and Krause 2017; Vogt et al. 2024). Commonality was introduced as a measure to
evaluate the degree of component/module sharing in product platform/family design (Thevenot
and Simpson 2006; Fixson 2007; Gauss et al. 2021). Mass customization product design is an
approach to produce customized products based on the requirements of individual customers with
near mass production efficiency (Hong et al. 2008; Fogliatto et al. 2012; Smith et al. 2013; Hou et
al. 2022). Customizability of components was developed as a measure to evaluate the ease of
product customization based on the requirements and preferences of individual customers (Jiao
and Tseng 2004). Reconfigurable products, such as reconfigurable machines, are designed to
replace multiple products with single ones (Landers et al. 2001; Setchi and Lagos 2008; Gadalla
and Xue 2017). Reconfigurability measures were developed to evaluate the ability to repeatedly
change and/or rearrange the components of a system in a cost-effective way, to meet different

requirements of customers (Maganha et al. 2018; Napoleone et al. 2018). Other measures
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considering product changes, including product upgradeability (Xing and Abhary 2010; Ma et al.
2024), changeability (Ross et al. 2008; Varl et al. 2022), and degree of similarity between different
adaptable functions (Yang and Deng 2017), can also be used to evaluate the product adaptability.

While modularity, commonality, customizability, and reconfigurability in the popular design
methods have been widely used to evaluate product flexibility and variety to reduce costs and to
meet customer preferences, the objectives and activities of these methods are different from those
for adaptable product design, as summarized in Table 2.1. The evaluations of product adaptabilities
using these methods were typically achieved from the available information, such as specific
design functions, selected components and their relations, and manufacturing constraints. The
products manufactured based on the modular design, product platform/family design, and mass
customization product design methods are usually not adaptable in the operation stages. Although
the reconfigurable products can be changed in the operation stages to satisfy different functional
requirements, these requirements must be provided at the design stage. Adaptations of products in
the operation stages to satisfy new functions were not considered in these popular design methods.
These methods exhibit inherent limitations in addressing unpredictable or unforeseen adaptation

requirements during the product’s operation stage.

Table 2.1. Comparison between adaptable product design method and other design methods

Different product - Product can | New function
. Modules . User is involved .
Design configurations are . . be changed in| can be added
are often in design or A . .
Method created from the same . operation | in operation
used operation
model stage stage
Mod}llar Yes No No No No
Design
Produc.:t Platfgrm / Yes Yes No No No
Family Design
Mass Customlz'atlon Yes Yes Yes No No
Product Design
Reconfigurable
Product Design Yes Yes Yes Yes No
Adaptable
Product Design Yes Yes Yes Yes Yes
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Evaluation of general product adaptability without specific adaptation requirements

In real-world applications, products often encounter unanticipated changes in operating
environment, user demands, regulatory requirements, or technological advancements that arise
during their operation stages. In the traditional design evaluation measures, such unpredictable
adaptation requirements were not considered, thus limiting the effectiveness of these measures in

ensuring long-term product adaptability.

Compared with the evaluation of the specific product adaptability when potential changes in
requirements are provided at the design stage, evaluation of the general product adaptability faces
challenges due to the lack of predictable requirement changes. Fletcher et al. (2009) developed a
method to evaluate the general product adaptability by comparing the actual architecture of the
product with the ideal segregated architecture of this product, as shown in Figure 2.5. In their work,
a product was modelled by a hierarchical data structure. When only parent nodes and their child
nodes were associated by relations, the design was modelled by a tree, and the architecture was
called “segregated product architecture.” When other nodes were also associated by relations, the
design was modelled by a graph, and the architecture was called “full product architecture”. The
segregated product architecture was ideal for adaptable product design, since modification to a
node in this architecture didn’t impose influence on other nodes at the same level. In addition,
various aspects of the relations (i.e., interface relations and interaction relations, and functional
relations and physical relations) and the importance of the nodes (i.e., cost percentages of the

components for the product) for these relations were also considered to define the general product

adaptability.
FO FO
F1 F2 F3 F1 2 F3
F11 F21 F22 F31 [ F32 F11 F21 F22 F31 F32
(a). A full product architecture (b). A segregated product architecture

Figure 2.5. Full product architecture and segregated product architecture (modified from Fletcher et al. (2009))
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2.3.3. Optimization methods for the design of adaptable products

Among various research aspects for adaptable product design, identification of the optimal
design configurations and parameters has been recognized as a key to achieve the design solution
based on changing requirements. Optimization plays an important role to achieve the optimal

design solution from all feasible design solutions.

Multi-objective optimization

Since the design of adaptable product is evaluated by product adaptability and other evaluation
measures in different lifecycle phases, such as cost measures, time measures, and performance
measures, identification of the optimal design solution is a typical multi-objective optimization
problem. A multi-objective optimization problem is defined by (Branke 2008; Gunantara 2018;
Chen 2023):

min (F(X), F,(X), +++, (X)) (2.1)

where F;(X), F,(X), ..., E,(X) are m objective functions to be minimized, and X represents the

vector of parameter variables.

A simple way to solve a multi-objective optimization problem is to convert these different
objective functions, usually in different units and scales, into comparable unitless quantities.
Several methods have been developed to convert the different design evaluation measures with
different units into comparable unitless values (Xue et al. 1996; Yang et al. 2006). Xue et al. (1996)
introduced a method to combine different objective functions together by comparing their
improvement from a selected basic design as follows.
min, DIt S 22)
where X, was the selected basic design. In this approach, the results of the optimization were
different when different basic designs were selected. Yang et al. (2006) developed a more general
approach to solve the multi-objective design optimization problems. In their approach, the various
objective functions modelled by various evaluation measures were converted into evaluation

indices using nonlinear relations between evaluation measures and evaluation indices, as follows.
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LX) = [[F;(X)], i=12,..,m (2.3)

where [;(X) was described by a number between 0 and 1 without unit representing how good the
design was considering the selected design evaluation measure. The relation between an evaluation
measure, F;(X), and its evaluation index, I;(X), was usually a non-linear relation. The non-linear
relation was defined by pairs of discrete points obtained by experts and/or customers’ satisfaction
rating for the given evaluation measures. In optimization, however, a continuous function between
an evaluation measure and its evaluation index is usually required. The least-squares curve-fitting
method (Hoffman and Frankel 2018) was usually used to identify this continuous function. The
non-linear relation between an evaluation measure and its evaluation index was defined by a cubic

polynomial, as follows.
L(X) = ag; + ay Fi(X) + ay FF(X) + a3, F2(X), i=12,...m (2.4)

where, a;, a, 4, a,;, and az; are the four coefficients of the cubic polynomial function.

The final objective function was then defined by:

max [(X) = Wil (X) + Wy Lo, (X) + - + Wil (X) (2.5)

where W;, W,..., W,, were m weighting factors between O and 1 representing the relative
importance for each of these evaluation indices. These individual weighting factors could simply
be selected/assigned based on the experience and judgment of experts and/or customers’
preferences. Other methods, such as the pair-wise comparison method (Saaty 1980; Ishizaka and
Labib 2011), have also been developed to identify the weighting factors of different evaluation

measurcs.

Multi-level optimization

In the design of adaptable products, a product design is often modelled by its configurations
and parameters. Therefore, optimization to select the best design configuration and the best design
parameter values must be considered when many feasible design configurations and parameter

values can be selected.
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The multi-level optimization considering product configurations and their associated
parameters was formulated to identify the best design configuration candidate and its parameter
values (Xue 1997). In the design of adaptable products, optimization was often conducted at two
levels: configuration level and parameter level (Xue et al. 2012; Zhang et al. 2014a; Martinez and
Xue 2018). The two-level optimization was conducted in a loop. In this loop, first a feasible design
configuration candidate was generated, and parameter optimization for this design configuration
candidate was then carried out. In this optimization model, the optimal design parameter values

for the i-¢h design configuration solution candidate were achieved through parameter optimization.

Find: parameters X;
Optimize: 1V
Subject to: Xl-(L) <X; < Xi(u),
hi(X;)) =0,j=12,..
9;X)<0,j=12,.. (2.6)

where I was the selected evaluation index, X EL)and X EU) were the lower boundaries and upper
boundaries of the parameter vector X;, respectively, and h;(X;) and g;(X;) were equality
constraints and inequality constraints, respectively. Among all the p feasible product design
configuration solution candidates, the optimal design solution was obtained through configuration

optimization.

Find: the i-th design configuration candidate
Maximize: I= 1
Subjectto:1 < i < p (2.7)

When the design configuration candidates and their associated parameters were modelled using
an AND-OR tree, the optimal design configuration candidate and the associated parameter value

were obtained based on the following rules.

e Apossible design configuration candidate was created from the AND-OR tree using tree-based

search.
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e The optimal parameter values of a design configuration candidate were obtained through

parameter optimization using numerical search.

e Different design configuration candidates were evaluated by their best evaluation indices
corresponding to the optimal parameter values in order to identify the best design configuration

candidate.

In the design of adaptable products, an optimal adaptable product design approach was
developed by Xue et al. (2012) to identify the best product design candidate. In this approach, the
changes of design requirements, configurations, and parameters in the whole product lifecycle
were considered. Zhang et al. (2014b) developed a robust adaptable design approach considering
changes in requirements and parameters during the product operation stage by optimization with
an objective function defined by both the evaluation measures and variations of evaluation
measures due to noise. This robust design method was further extended by considering changes in
product configurations (Zhang et al. 2014a) and the design of open architecture products (Zhang
et al. 2015). Martinez and Xue (2018) employed a multi-level optimization model to identify the
best design configuration solution candidate and its design parameter values considering the whole

product utilization span.

Optimization to identify the optimal product configuration was also considered in other
engineering product design methods. Levandowski et al. (2015) developed an engineering-to-order
configuration design method through optimization considering the influence of customers with
different requirements. Sabioni et al. (2021) developed a nonlinear integer programming model to
optimize the configurations of mass customized products and reconfigurable manufacturing
systems. Weng et al. (2021) introduced a model to evaluate complexity of design and redesign of
products for development of adaptable function mechanical products. The design modules were

evaluated, and the optimal one was obtained to be used for further modular design.

When the number of possible design configuration candidates was large, genetic programming
(Rao 2009) was often employed for optimization. Genetic programming is an evolutionary method
to solve an optimization problem when solutions to the optimization problem can be modelled by
tree data structures (Hong et al. 2008). In genetic programming, individuals were used to describe
the multiple design solutions in the population of a generation. Reproduction, crossover and

mutation were the three operations used to evolve individuals from a generation to the next one
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with a better average evaluation measure (Li et al. 2007; Hong et al. 2008; Zhang et al. 2014a). Li
et al. (2007) presented an evolutionary method dealing with interwoven structural optimization of
adaptive platform product customization. In this method, genetic programming was employed to
handle the structural optimization. In the work by Zhang et al. (2014a), the optimization to identify
the optimal product design configuration was conducted based on genetic programming. Hong et
al. (2008) identified the optimal product configuration and its parameters with the maximum
overall customer satisfaction index in one-of-a-kind production by genetic programming and

constrained optimization.
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Chapter 3. An Efficient Optimization Approach to Identify the Adapted Product Design
Configuration and the Product Adaptation Process with Initial Evaluation of
Information Quality in the Branches of an AND-OR Tree Based on

Information Entropy

3.1. Introduction

Product adaptation is carried out by modifying a product, such as upgrading its modules, to
satisfy new customer requirements. Compared with the creation of a new product from scratch,
the process to adapt an existing product (i.e., manufactured product) to a new one can result in

savings in costs.

As explained in Chapter 1, the scopes of adaptable product design are classified into the

following two categories.

o Design for adaptation of existing products

This type of design focuses on obtaining the design solution for adaptation of an existing
product (i.e., manufactured product). In this type of design, multiple adapted product design

solutions are usually created and evaluated for selection of the optimal one.

e Design of new adaptable products

Adaptation of existing products can sometimes be difficult since product adaptation was not
considered during the design stages. To solve this problem, the approach to design new
adaptable products that can be easily changed during their operation stages should be
considered. In this type of design, multiple design solutions of the original product
configuration before adaptation are also considered in addition to the multiple design solutions
of the adapted product configuration for each of the original product design configurations, for
selection of the optimal original product design configuration and adapted product design

configuration.

In this chapter, only the design for adaptation of existing products is considered. Design of new

adaptable products will be discussed from Chapter 4.
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From the problem statements and research objectives as explained in Chapter 1, research in

this chapter focuses on the following key issues.

(1) Adaptable product design considering both design solutions and adaptation process solutions

An adaptation process is usually defined by a collection of operations and operation parameters
to change a product from its original configuration to its adapted configuration. In the past, only
product configurations and product parameters were considered in adaptable product design. Since
the product adaptation process sometimes also requires significant efforts, identification of both
the optimal product design (i.e., design configuration and design parameters) and the optimal
adaptation process (i.e., a collection of operations and operation parameters) from all possible

solutions must be considered.

(2) Improvement of optimization efficiency considering both design solutions and adaptation

process solutions

In this work, the generic design considering multiple solutions of the adapted product design
and the product adaptation process is modelled by an AND-OR tree with design and process nodes.
When both the adapted product design candidates and the adaptation process candidates are
considered in the optimization process to identify the best solution, the optimization search space
may increase significantly, causing challenges to obtain the optimal solution within the limited
computation time. One way to improve the optimization efficiency is to reduce the size of the
solution space by pruning branches of the AND-OR tree. Since information entropy (Shannon
1948; Hayat et al. 2020) is effective to evaluate quality of information with uncertainties, it is
selected in this research to evaluate the information quality in branches of the AND-OR tree, such
that the branches with poor information quality are pruned to improve optimization efficiency. The
method to evaluate the branches of an AND-OR tree based on information entropy has never been

developed in the literature.

3.2. The Procedure for Adaptation of Existing Products

Product adaptation is accomplished through modification of the existing product to satisfy new

requirements as shown in Figure 3.1.
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Figure 3.1. The procedure for adaptation of an existing product

The product adaptation is usually carried out through the following steps:
Definition of new requirements

Selection of the existing product

Selection of the existing design corresponding to the existing product

Creation of new design solution candidates for product adaptation through design adaptation,
and creation of multiple adaptation process solution candidates for each design solution

candidate

Evaluation of the design solution candidates and the adaptation process solution candidates for

identification of the best adapted design solution candidate and process solution candidate

Change of the existing product through product adaptation process to satisfy the new

requirements
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3.2.1. Modelling of design and process candidates and their parameters for product adaptation

In this research, the generic solution considering the adapted product design candidates and
the product adaptation process candidates is defined by an AND-OR tree, and the different design
solutions and process solutions are created from the generic AND-OR tree through tree-based
search as shown in Figure 3.2. The relations among sub-nodes of a super-node in an AND-OR tree
are classified into AND relations and OR relations. In an AND relation, all the sub-nodes are
required to support the super-node. In an OR relation, only one sub-node is required to support the

super-node.

(c). A specific design solution with process candidates (d). A specific design solution with a specific
process solution

|:| Unadaptable design node . AND relation

EI Adaptable design node /\

OR relation
D Adaptation process node

Figure 3.2. Modelling for product adaptation
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o Modelling of the existing design

The design of the existing product is defined by an AND tree as shown in Figure 3.2(a). Design
nodes are defined by partial design solutions such as components and assemblies. Design nodes
are classified into two categories, unadaptable nodes and adaptable nodes. An unadaptable node
(e.g., D4 in Figure 3.2(a)) cannot be changed for product adaptation. An adaptable node (e.g.,
D10 in Figure 3.2(a)) can be removed, added, or replaced by another one usually with different
shape and/or function for product adaptation. Sub-nodes of a super-node are associated with an

AND relation.

o Modelling of the generic adapted design

The generic adapted design considering multiple solutions is defined through modification of
the tree for the existing design as shown in Figure 3.2(b). The adaptable design nodes in the
tree for the existing design can be changed, such as to be removed, and new design and process
nodes can be added. A design node such as a component or an assembly describes a partial
design solution, while a process node such as an assembly operation or a disassembly operation
describes partial process solution. Sub-nodes of a super-node are associated by an AND relation

or OR relation.

e Creation of design solution candidates

From the generic adapted design AND-OR tree, multiple design solution candidates are created
through tree-based search. A specific design solution created from the generic adapted design
AND-OR tree is shown in Figure 3.2(c). When design sub-nodes are associated with an OR
relation, only one of these design sub-nodes is selected to create a design solution candidate.
For process sub-nodes associated with an AND relation or OR relation, all these process sub-

nodes should be selected to create the design solution candidate.

o Creation of process solution candidates

From each design solution candidate tree, multiple process solution candidates are created
through tree-based search. A specific process solution created from a specific design solution
tree is shown in Figure 3.2(d). When process sub-nodes are associated with an OR relation,

only one of these process sub-nodes is selected to create a process solution candidate.

42



Design and process nodes are further associated with design parameters (e.g., dimensions and

tolerances) and process parameters (e.g., operation time and operation temperature).

3.2.2. Evaluation of design/process candidates

A feasible solution, S; (i = 1,2,...,p), for product adaptation is modelled by configuration
of the adapted design, process of product adaptation, and parameters of design and process.
Suppose that X; is the vector to model all the parameters including both the design parameters and
the adaptation process parameters, the design solution S; can be evaluated by m evaluation

measures:
F=fX) i=12.,pj=12.,m (3.1)

where F; represents an evaluation measure such as performance or cost, and f;() is the numerical

function to obtain F;.

The design solutions of adapted products are usually evaluated by different evaluation
measures such as cost measures (e.g., total cost of configurations and adaptation processes), time
measures (e.g., adaptation duration), and performance measures (e.g., reliability of the adapted
product). Since multiple evaluation measures with different units are considered in this research,
these evaluation measures are converted into comparable evaluation indices to build the overall
evaluation index considering importance factors of these evaluation indices (Yang et al. 2006).
Comparable satisfaction indices are used as the evaluation indices in this work. First, data points
considering evaluation measures and their corresponding evaluation indices are obtained from
customers and/or engineers. The least-squares curve fitting method is then used to obtain the
numerical relations. Each evaluation index is assigned a weighting factor representing the relative
importance of this index. The j-th evaluation measure F; is converted into a satisfaction index I
based on the non-linear relation between the evaluation measure and the evaluation index as

follows:

LX) =g;(F)=g;,(X)), i = 1,2,.,p;j = 1,2,...m (3.2)

where g;() is the numerical function to obtain [;(X;), and I;(X;) is described by a number between

0 and 1 without unit representing how good the design is considering the selected design evaluation
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measure. The overall evaluation index, I(X;), considering all evaluation measures can be obtained

by:

_ I (wrx0)

[X) =——m— (3.3)

m
j=1Wj

where W; represents the weighting factor of the j-th evaluation index.

3.2.3. Identification of the optimal solution through the multi-level optimization method

In this work, the optimal solution modelled by its design configuration, adaptation process,
and parameters of design and adaptation process is achieved through a two-level optimization
method (Xue 1997). First, for each solution candidate with a specific design configuration and a
specific adaptation process, parameter optimization is conducted to obtain the optimal values of
design and process parameters through numerical search.

max 1(X;) (3.4)

w.r.t. X

where X; represents the vector of parameters for the i-th solution candidate, and /(X;) is the

optimization objective function to be maximized.

Among all the solution candidates with the optimal parameter values, configuration/process
optimization is carried out to achieve the optimal design configuration and its adaptation process.
max [(X7) (3.5)
w.r.t.S;

where I(X}) is the optimal evaluation index corresponding to the optimal parameter values X; for

the i-¢h solution candidate, and S; is the i-¢4 solution candidate.

The multi-level optimization problem can be illustrated with the following example. The
design of an electric scooter is conducted by selection of components and modules such as the
body stem, body deck, steering system, electric motor, battery, and braking system. Each of these
components/modules can be selected from alternatives with different types and materials
contributing differently to the cost and performance of the scooter. The total cost is selected as the

optimization objective function, and the battery energy (watt-hour) and the motor power (watt) are
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selected as the two key design variables. When the AND-OR tree is used to model the generic
design of the electric scooter, multiple different configurations are created through tree-based
search. For simplicity, three configurations are considered in this example. First, parameter
optimization is conducted for each configuration to obtain the optimal battery energy, motor power,

and the corresponding minimum total cost, as follows.

e Configuration 1 with optimal battery energy of 105 Wh, optimal motor power of 450 W, and
minimum total cost of $450

e Configuration 2 with optimal battery energy of 115 Wh, optimal motor power of 440 W, and
minimum total cost of $475

e (Configuration 3 with optimal battery energy of 100 Wh, optimal motor power of 480 W, and

minimum total cost of $480.

Among the three configurations, the one with the lowest total cost is then selected as the
optimal solution through configuration optimization. In this example, Configuration 1 is selected

as the optimal configuration since it achieves the lowest total cost among all the configurations.

When the number of solution candidates is not large, exhaustive method is used for
configuration/process optimization. When the number of solution candidates is large, genetic

programming (Koza 1993; Hong et al. 2008) is used for configuration/process optimization.

3.3. Initial Evaluation of AND-OR Tree Branches Based on Information Entropy to Improve

Optimization Efficiency
3.3.1. Introduction

Although the multi-level optimization method can be used to identify the optimal design
configuration, the optimal adaptation process, and the optimal values of design and process
parameters, this method may not be efficient when large numbers of candidates are considered,
particularly for optimization to identify both the optimal design candidate and the optimal process
candidate through search with the AND-OR tree. Since information entropy (Shannon 1948; Hayat
et al. 2020) is effective to evaluate quality of information in solutions with uncertainties,
information entropy is selected to evaluate the information quality in branches of the AND-OR
tree, such that the branches with poor information quality (i.e., are unlikely to lead to the optimal

solution) are pruned to improve optimization efficiency.
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Information entropy, also known as Shannon entropy, is an important measure to evaluate the
uncertainty in the information (Shannon 1948; Hayat et al. 2020). Entropy was used in many
different types of engineering applications. In engineering design and manufacturing, entropy was
used to evaluate complexity of a design or manufacturing system (Kuzgunkaya and El-Maraghy
2006; Abad and Jin 2011; Alkan et al. 2018). The entropy of a manufacturing system was high
when the system was described by a large number of states owing to the consideration of various
types of resources. To manipulate the subjectivity and vagueness in design concept evaluation, Hu
et al. (2015) developed an evaluation method by combining information entropy and rough
number. Li et al (2020) established a customer demand information model based on rough analytic
hierarchy process and information entropy. Qian et al. (2020) used entropy to measure the degree
of the variation of the parameters for global optimization. Dabwan et al. (2021) used grey relational
analysis coupled with entropy weights for optimization of process variables in single-point

incremental forming.

3.3.2. The relations between the evaluation of information quality in branches of the generic AND-

OR tree and the multi-level optimization for product adaptation

In this work, the information modelled by branches of the generic AND-OR tree is evaluated
based on information entropy such that the branches without useful information leading to the

optimal solution are pruned to reduce the efforts for tree-based search.

In optimization, both the optimization efficiency (i.e., the computation time or iteration
number) and the optimization quality (i.e., the actually obtained maximum or minimum
optimization objective function value) are used to evaluate effectiveness of the optimization
methods. In fact, the optimization efficiency and the optimization quality are two perspectives of
the effectiveness of the optimization method, since a better optimization quality can usually be
obtained by a longer computation time. Effectiveness of a new optimization method compared
with an existing one can be demonstrated by improvement of optimization efficiency with the same
optimization quality or improvement of optimization quality with the same optimization
computation time. Many optimization methods have been developed for improvement of
optimization efficiency or quality. In this work, pruning of the AND-OR tree branches is employed

to reduce the search space for improvement of the configuration/process optimization efficiency.

46



The relations between the evaluation of information quality in branches of the generic AND-
OR tree and the multi-level optimization for identification of the optimal adapted product design,

product adaptation process, and parameter values of design and process are shown in Figure 3.3.

AND Tree of the Existing Product Design

v
Generic AND-OR Tree with Solutions of Adapted
Product Design and Product Adaptation Process

Y

Evaluation of Information Quality in Branches of the
AND-OR Tree Based on Information Entropy, and
Pruning of Branches with Poor Information Quality

v

Pruned Generic AND-OR Tree with Solutions of Adapted
Product Design and Product Adaptation Process

Y
[ Tree-based Search ]

AY

i Configuration/
Process

Optimization

Parameter
Optimization

). . . . .
§;77: the i-th design configuration solution

Si(;.?: the j-th adaptation process solution for the i-th design configuration solution
Sij‘ : the ij;-th solution with design configuration Si(D) and adaptation process Sl.(ji)
v
Xijj,: the optimal parameter values for the #j;-th solution S i,
L

I7;,: the optimal evaluation index for the Sii- solution with optimal parameters of X7;

Figure 3.3. The relations between the evaluation of information quality in branches of the generic AND-OR
tree and the multi-level optimization for product adaptation

First the AND tree (as shown in Figure 3.2(a)) for the existing product design is defined. Then
the generic AND-OR tree (as shown in Figure 3.2(b)) considering all feasible solutions of the
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adapted product design and the product adaptation process is modelled. Evaluation of information
quality in branches of the AND-OR tree based on information entropy is subsequently conducted

to remove the branches with poor information quality. The pruned AND-OR tree is used to create
design configuration solutions Sl.(D) (i=1,2,...,n) (as shown in Figure 3.2(c)), and adaptation

process solutions Si(]? Gi= 1, 2, ..., jm) (as shown in Figure 3.2(d)) from each of the design
configuration solution. For a solution Sl-j. with a design configuration Si(D) and an adaptation
l

process Si(;:), parameter optimization is conducted to obtain the optimal parameter values X;; and
the optimal evaluation index /;;, based on Equation (3.4). Among all the design solutions, the one

with the best overall evaluation index is selected as the optimal solution with its design
configuration, adaptation process, and parameter values of configuration and process (as shown

with the thick boxes and oval in Figure 3.3).

3.3.3. Information entropy

Information entropy is an effective tool to evaluate the amount of information considering
multiple states when the probabilities of these states are not the same. A good use of information

entropy should satisfy the following conditions (Shannon 1948):
e The problem should have multiple independent states.

e An event should happen as one of these states.

e Each state is associated with a probability value.

e The sum of the probabilities of all states is 1.

The entropy H satisfying the above conditions is calculated by:
HX) = = 2= p(xp) log p(x;) (3.6)

where X is a discrete random variable with possible outcomes x;, and p(x;) is the probability of
occurrence of the i-th outcome. In this work, the natural logarithm, /n(), with base e = 2.718 is
selected for the function /og() in Equation (3.6). When all probabilities of the events are the same,
the entropy H(X) is calculated as /n(N) where N is the number of states.
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Figure 3.4 shows several trees with sub-nodes in OR relations assigned with different
probabilities. Each tree has three possible outcomes. The probabilities of these outcomes are

different for different trees.

0.33 0.33 033 0.50 0.30 0.20 0.90 0.05 0.05 1.00 0.00 0.00 N: true number
H, = 1.10 = In(3) Hg = 1.03 He = 0.39 Hp = 0.0 of states
N, =efa =3 Np =efls =2.8 N = eflc = 1.48 Np = efp =1

Figure 3.4. Several trees with nodes in OR relations

As shown in Figure 3.4, Tree 4 with equal probabilities of outcomes has the largest entropy,
while Tree D with probability of one outcome as 1 and probabilities of all other outcomes as Os
has the smallest entropy of 0. It can be concluded that entropy represents the true (effective)
number of states (solutions or outcomes). In other words, entropy represents the contributions of
the nodes to the whole solution. Assuming the best solution is located in one of the 3 sub-nodes
for each tree, when only one solution can be selected, the probability to obtain the best solution
for Tree A is 33.33% and the probability to obtain the best solution for Tree D is also 33.33%.
When two solutions can be selected, the probability to obtain the best solution for Tree A is
66.66%, while the probability to obtain the best solution for Tree D is still 33.33% since D; will
be selected twice. Therefore, a tree composed of nodes with more evenly distributed probabilities

has better chance to obtain the optimal result due to its larger information entropy.

The true number of solutions is calculated by:
N; = el (3.7)

where W, is the true number of possible states for the i-#4 tree, and H; is the entropy of this tree. In
this work, the design/process nodes in the AND-OR tree are associated with probabilities
calculated based on the different availabilities or preferences of these nodes to be selected for the

solution.
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3.3.4. Calculation of entropy for an AND-OR tree

For an AND-OR tree, the entropy of a super-node is calculated using the entropies of its sub-

nodes.

(1) Entropy of a super-node with sub-nodes in AND relation

Figure 3.5(a) shows an AND-OR tree with two sub-nodes A and B in an AND relation. When
a super-node is composed of sub-nodes with an OR relation, probabilities of these sub-nodes

should be assigned. Entropies of A and B are calculated using Equation (3.8) and Equation (3.9),

respectively.
Hy = — XL pi logp; (3.8)
Hp = —Xjt1q;logq, (3.9)

where p; and g; are the probabilities of sub-nodes. The entropy of a bottom node is 0.

(b). Converted tree

(a). Original tree
Figure 3.5. A Tree with sub-nodes in an AND relation

The AND-OR tree in Figure 3.5(a) can be converted into the tree shown in Figure 3.5(b). For
n % m states with probabilities, the entropy can be calculated using Equation (3.6). The entropy of

D for the tree in Figure 3.5(b) is calculated by:
Hp = = XiL1p1qjlog(p1q;) — Xi=1p2 q;log(p2q;) — -+ — Xj=1Pn q;log(Pnq;) (3.10)

= = XTL1p1qlog(py) — X7L1 01 q5log(q)) — Xt p2 q;108(p2)
— 21 p2q5log(q)) — - — Xjtipn qjlog(pn) — Xj=1Pn ql09(q;)

= —p1log(p1) Xjz1 q; — p1 Xj=19,log(q;) — pzlog(p2) Xi=1 4
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—p2 Xj=1q;l0g(q;) — - — prlog(pn) X1 q; — Pn Xj=1 q;l0g(q;)

—p1log(p1) — p2log(pz) — - — palog(Pn) — (p1 + 02 + - + py) Y11 q5log(q))
= —Xiipilog(p) — X751 qlog(q))

From Equations (3.8-3.10), we can derive Equation (3.11) considering nodes A and B with an

AND (M) relation:
Hynp = Hy + Hp (3.11)

(2) Entropy of a super-node with sub-nodes in OR relation

Figure 3.6(a) shows an AND-OR tree with sub-nodes A and B in an OR relation. When a super-
node is composed of sub-nodes with an OR relation, probabilities of these sub-nodes should be
assigned. In Figure 3.6(a), 4 and rp are the probabilities of A and B, respectively. Entropies of A
and B are calculated using Equation (3.8) and Equation (3.9), respectively.

TaP1 TaP2

(a). Original tree (b). Converted tree
Figure 3.6. A Tree with sub-nodes in an OR relation

The AND-OR tree in Figure 3.6(a) can be converted into the tree shown in Figure 3.6(b). The
entropy of D for the tree in Figure 3.6(b) is calculated by:

Hp = — X 1apilog(rap) — X7y 15 qjlog(rs4,) (3.12)

—1alog(ry) Xieipi —1a Xicapilogpi —15log(rs) Xty q; — 18 XjLq qjlogq;

= —14log(ry) + r4Hy — 15 log(rg) + rgHp
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Since Yi=;p; = 1 and XL, q; = 1, from Equations (3.8-3.9) and Equation (3.12), we can

derive Equation (3.13) considering nodes A and B with an OR (V) relation:
HAUB == TAHA +TBHB - (TAlOgTA +TBlogTB) (3.13)

(3) Entropy of an AND-OR tree

The entropy of an AND-OR tree (i.e., the entropy of the root node of the AND-OR tree) is

calculated by the following rules.

e For a bottom node, its entropy is 0.

e For a super-node with n sub-nodes associated with an AND relation, and the entropies of the
sub-nodes are H;, H>, ..., Hy,, the entropy of the super-node is calculated by:

H =Y, H, (3.14)

e For a super-node with n sub-nodes associated with an OR relation, the entropies of the sub-
nodes are H;, H>, ..., H,, and the probabilities of these sub-nodes are p;, p», ..., ps, the entropy

of the super-node is calculated by:

H =Y piH; — Xi=1 pilog p; (3.15)

3.3.5. The AND-OR tree for adaptation of an existing product and determination of probabilities
of nodes

In this research, the nodes in an AND-OR tree for adaptation of an existing product are
classified into the following two categories, design nodes and process nodes.
(a) Design nodes

A design node such as a component or an assembly describes a partial design solution. The
design nodes in an AND-OR tree for product adaptation are classified into the following two

categories, adaptable design nodes and unadaptable design nodes.
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Adaptable design nodes

An adaptable design node can be removed, added, or replaced by another one usually with
different shape and/or function for product adaptation. For example, Figure 3.7 shows the
AND-OR tree of the engine unit for an internal combustion engine (ICE) car. The engine unit
is composed of the engine and the bay where the engine is placed. Because the engine of the
ICE car can be replaced by an electric motor for the conversion from the ICE configuration to

the electric vehicle (EV) configuration, the engine is modelled by an adaptable design node.

Unadaptable design nodes

An unadaptable design node cannot be changed for product adaptation. For example, the

engine bay is defined by an unadaptable design node in Figure 3.7 since it cannot be changed

for product adaptation.

Engine Bay

ICE Car Engine Unit |

Friend

0= 0.2[ Professional

Technician ] [ Technician

| Motor 1 (60 hp) | |M0t0r 2 (100 hp)l

)

/\ a=06

Technician-1 Technician-2

[ Professional ] [ Professional ]

a=02 a=04

C] Process node

a=0.8 a=0.4

Adaptable design node
AND relation

/\4 OR relation

Unadaptable design node

o: Weighting parameters assigned by the engineer

Figure 3.7. An AND-OR tree with adaptable nodes, unadaptable nodes, and process nodes

53



(b) Process nodes

A process node describes partial process solution for product adaptation. For example, a
technician to replace the engine with the electric motor for the conversion from the ICE

configuration to the EV configuration is modelled by a process node as shown in Figure 3.7.

For calculation of entropies of the branches of the AND-OR tree, probabilities of sub-nodes
with OR relations need to be determined first. When a node is composed of sub-nodes with an OR
relation, the sum of probabilities of these sub-nodes should be 1. When the number of sub-nodes
is large, determination of probabilities of these sub-nodes could be a challenging task. To solve
this problem, probabilities of nodes with OR relations are determined through 2 steps, assignment

of weighting parameters and calculation of probabilities.

(1) Assignment of weighting parameters for sub-nodes associated with an OR relation

For a design/process super-node with n sub-nodes associated with an OR relation, a weighting
parameter a; between 0 and 1 is assigned by engineers for each sub-node representing the
possibility of the i-¢h sub-node to be selected without considering the influence of other sub-nodes.
A weighting parameter can be the availability of a resource or satisfaction to a partial solution. For
example, Motor 1 and Motor 2 in Figure 3.7 are assigned with weighting parameters of 0.8 and
0.4, respectively based on satisfaction measures of these solutions considering costs. Friend
Technician, Professional Technician-1 and Professional Technician-2 are assigned with weighting

parameters of 0.6, 0.2 and 0.4, respectively based on the availabilities of these technicians.

In this research, the following rules are used to determine the weighting parameter of a node

in an AND-OR tree for product adaptation:

e Weighting parameters are assigned to only adaptable design sub-nodes associated with an OR

relation, and process sub-nodes associated with an OR relation.

e An unadaptable design node cannot have sub-nodes associated with an OR relation since
different solutions for the original configuration before product adaptation are not considered

for adaptation of an existing product.
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(2) Calculation of probabilities for sub-nodes associated with an OR relation

For a super-node with n sub-nodes that are associated with an OR relation, because each sub-
node is assigned a weighting parameter «;, the probability of the i-th sub-node for entropy

calculation is obtained by:

ai

pi = (3.16)

n .
i=1 %i

where the summation of probabilities for the n sub-nodes of the super-node is equal to 1.

The entropy of the AND-OR tree for adaptation of an existing product is then calculated using
Equations (3.8-3.15) and the rules explained earlier in Section 3.3.4. The results calculated from

the AND-OR tree shown in Figure 3.7 are summarized in Table 3.1.

Table 3.1. Results for the AND-OR tree in Figure 3.7

Design/Process node Type of node Weighting | Probability | Entropy
parameter (2] (H)
(@)
Professional Technician-1 | Process node 0.2 0.33 0
Professional Technician-2 | Process node 0.4 0.67 0
Professional Technician Process node 0.2 0.25 0.64
Friend Technician Process node 0.6 0.75 0
Adaptation Process Process node - - 0.72
Motor 1 (60 hp) Adaptable design node 0.8 0.67 0
Motor 2 (100 hp) Adaptable design node 0.4 0.33 0
Motor Adaptable design node - - 0.64
Engine Adaptable design node - - 1.36
Engine Bay Unadaptable design node - - 0
ICE Car Engine Unit Adaptable design node - - 1.36

3.3.6. A numerical example

To illustrate the effectiveness of the entropy-based method to evaluate the information quality
of AND-OR tree branches, a numerical example was created and evaluated by simulation using
MATLAB through comparison of two sub-trees with similar computation effort but different
entropies. In this example, two AND-OR sub-trees (i.e., branches of an AND-OR tree) were

created as shown in Figure 3.8. Tree A has 18 possible solutions, while Tree B has 24 solutions.

55



o
n

0.5

0.5

=
o v
[

0.5

0.5

0.5

o
>
Q)
OOOOOE

0.5

o
w1

0.9

0.1

0.9

o
wn

0.1

()
5

0.8

0.1

Node

Eliminated branch @

AND relation

0.1

0.9

OR relation 0.1

70 KO

Figure 3.8. An AND-OR tree with two branches of sub-trees

The nodes of Tree A have similar probabilities, while the nodes of Tree B have quite different
probabilities. Using these probabilities, information entropy was calculated for each tree based on
the method described in Section 3.3.4. The results have shown that Tree A has higher entropy, and
hence a higher number of contributing (true or effective) solutions. Therefore, Tree A has a better
chance to obtain the optimal solution. Nominal numbers of solutions, entropies and effective

numbers of solutions for Tree A and Tree B are summarized in Table 3.2.
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Table 3.2. Comparison between Tree A and Tree B

Item Tree A Tree B
Nominal number of solutions 18 24

Entropy (H) 2.7726 1.6684
Effective number of solutions (N) 16.0000 | 5.0637

The Tree A and Tree B for the comparative study to evaluate optimization quality satisfied the

following conditions:

e Tree A and Tree B were with the similar structures (i.e., similar numbers of nodes, numbers of
layers, numbers of AND-OR relations, and numbers of solutions) requiring similar

computation efforts.
e The best solutions for Tree A and Tree B were with similar best evaluation measures.

The goal of the comparative study was to evaluate the chances to obtain the optimal solutions

using Tree A and Tree B with the similar computation efforts.

When the real-world adaptable product design cases are used for the comparative study, since
different configurations/processes are created from Tree A and Tree B in configuration/process
optimization, the optimal evaluation measures for Tree A and Tree B achieved in parameter
optimization are usually different, leading to the difficulty to satisfy the second condition for the

comparative study. Therefore, only a numerical example was used for this comparative study.

Numerical tests were conducted to validate this conclusion. First for each of the solutions, a
random value between 0 and 1 was assigned as the evaluation measure. Then n solutions were
selected randomly based on the probabilities of these solutions calculated from the probabilities of
the nodes to see whether the solution with the best evaluation measure can be obtained from these
n solutions. Please note the same solution can be selected multiple times in the test. The test with
n solutions was repeated 10,000 times, and the probability to obtain the optimal solution from the
n solution was obtained. For example, when 7 is selected as 10, the probability to obtain the optimal
solution for Tree A was 0.4082, while the probability to obtain the optimal solution for Tree B was

0.2008, as shown in Table 3.3.
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Table 3.3. Probabilities to obtain the optimal solution using each tree (No. of samples = 10,000)

Number of random solutions Probability to obtain the optimal
solution

Tree A Tree B

1 0.0556 0.0421
2 0.1064 0.0734
3 0.1563 0.1051
4 0.2065 0.1205
5 0.2369 0.1442
6 0.2784 0.1558
7 0.3110 0.1754
8 0.3504 0.1807
9 0.3797 0.1994
10 0.4082 0.2008
20 0.6314 0.3068
30 0.7621 0.3720
40 0.8407 0.4263
50 0.8950 0.4564
100 0.9803 0.5605
200 0.9998 0.6783

Numerical tests with other n values are shown in Table 3.3. From this table, we can see that
when 7 is small, the probability of obtaining the optimal solution in each tree is small and random.
With increase of the value of n, the probability of obtaining the optimal solution is also increased.
For Tree A, the probability to obtain the optimal solution is higher than the probability to obtain
the optimal solution for Tree B, particularly when # is high. This is because all the solutions in
Tree A have similar chances to be selected for evaluation, while smaller number of solutions in
Tree B have chances to be selected. Therefore, Tree A provides better useful information to obtain

the optimal solution because of its larger entropy than Tree B.

For an AND-OR tree with many branches, the number of branches to be pruned can be
determined based on an optimization time constraint. For instance, if an AND-OR tree has ten
branches each with multiple feasible solutions, and each branch requires one second for parameter
optimization, but only five seconds are available. Then the five branches with the lowest entropy
values are removed, and only the remaining five are used in tree-based search. This approach is
essential in cases such as control system tuning and finite element analysis (FEA), where the

computation or simulation time for each configuration is significant. Thus, the developed approach
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for pruning of AND-OR tree branches based on information entropy balances solution quality and

computational efficiency within the available optimization time constraints.

3.4. A Case Study: Conversion of an Existing Internal Combustion Engine (ICE) Vehicle into
an Electric Vehicle (EV)

An engineering application case study was developed to demonstrate the effectiveness of the
newly introduced optimal adaptable product design approach with initial evaluation of the

configurations/processes modelled by AND-OR trees based on information entropy.

3.4.1. Problem of the product adaptation

The objective of this case study was to convert an existing internal combustion engine (ICE)
vehicle into an electric vehicle (EV). The activities for the conversion of ICE cars into EV cars
have become popular practices in recent years. Although most of these activities are carried out as
do-it-yourself (DIY) projects for hobbies to promote environmental awareness, these activities
have potential economic value since many governments have introduced new policies, such as
carbon taxes, to eliminate the use of traditional ICE cars in the near future. In 2023, the government
of Canada announced an Electric Vehicle Availability Standard with regulated targets for zero-
emission vehicles (ZEVs). Under this standard, the targets for sales of the ZEVs will be 20% in
2026, 60% in 2030, and 100% in 2035.

The major difference between an ICE car and an EV car is that an electric vehicle is composed
of an electric motor, a battery pack and a control panel compared with the engine, fuel tank, exhaust
system, etc. used for an ICE car. The conversion happens usually to the ICE cars when their engines
reach their end of lifespan, although these cars are still in good conditions structurally. To convert
an ICE car into an EV car, we need to remove the ICE parts and replace them with the EV parts as
shown in Figure 3.9. Each module can be selected from options of different types, suppliers, and
qualities with different contributions to the evaluation measures of this project. In addition to the
selection of parts for product adaptation, selection of product adaptation process was also

considered in this case study.
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Figure 3.9. Product adaptation for the ICE car

In this work, two scenarios were considered to convert an ICE vehicle into an electric vehicle,
and a decision needs to be taken to select the scenario that is most likely to have the optimal

solution using the proposed entropy-based approach.

e Scenario A: Adaptation of ICE vehicle into EV by a professional mechanics shop

Since the professional mechanics shops usually deal with specific suppliers and delivery
agents, the probabilities to select different suppliers, components, and delivery agents are

usually quite different.

e Scenario B: Adaptation of ICE vehicle into EV by a DIY project with help from a

mechanics friend

Since the customer and the mechanics friend usually don’t have significant preferences for
selection of suppliers and delivery agents, the probabilities to select these different suppliers,

components, and delivery agencies are usually not significantly different.

3.4.2. Modelling of design configurations, adaptation processes, and parameters of configurations

and processes

In this work, an AND-OR tree was used to model the generic design and process alternatives
as shown in Figure 3.10. The Tree A for Scenario A and the Tree B for Scenario B have the same

AND-OR tree data structure, but with different probabilities to select different design and process
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nodes. Nodes in the AND-OR trees included adaptable design nodes for the adapted product
design, unadaptable design nodes, and product adaptation process nodes. Probabilities for
unadaptable design nodes were not considered in this research, since these nodes were not

considered to be changed during product adaptation.

Adaptable design node 081, 0.6)
Unadaptable design node [0.2],(0.4)

om0
Process node -Product ‘
D - Supplier

A AND relation

/\4 OR relation

[ ]: Probabilities for
nodes in Tree A

(): Probabilities for
nodes in Tree B

National [0.2],(0.3)

‘ Surface )[0.2], (0.op_Intemational ] [0.11, (0.3)
By o Josio
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[0.2], (0.4)
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"/ 02103
Surface International | [0.1], (0.3)
[0.8], (0.6)
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International | [0.1], (0.3)

[0.2], (0.5)

Workshop-1 / Professional Technician ] [0.61, (0.6)

Workshop-2 / Friend Technician ] [0.4], (0.4)

Figure 3.10. Two generic AND-OR trees for adapting an ICE car into an electric vehicle

Tree A for adaptation by a professional mechanics shop was modelled by nodes with different
probabilities due to the strong preferences of mechanics technicians. Tree B for adaptation was
modelled by nodes with similar probabilities since the customer and the technician friend didn’t

have strong preferences. From the AND-OR tree, a total of 6,912 solution candidates with the
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adapted design configurations and the product adaptation processes were created through tree-

based search for each scenario.

Entropies H and effective numbers of solutions N for the two trees were calculated as follows.

e TreeA:

Ha =6.5813, Na =721.5

e TreeB:
Hp =8.7313, Ng =6194.0

From the above results, Tree B provides more effective solutions for adaptation of the ICE to

EV. Therefore, Tree B has a better opportunity than Tree A to get the optimal solution.

Each design/process solution was modelled by nodes with design parameters and process
parameters. Various databases were created to model the available components (e.g., motors,
batteries, and controllers) at different suppliers, the services at delivery companies, mechanics
shops, and technicians based on information in this market (Toms 2021). The database for

available batteries from a national supplier is shown in Table 3.4.

Table 3.4. Available batteries in a national supplier

Model Type | Energy (kWh) | Quality | Cost (%)
Bl Li-ion 1.5 Normal 450
B2 Li-ion 2.0 Normal 600
B3 Li-ion 3.0 Normal 900
B4 Li-ion 5.0 Normal 1300
B5 Li-ion 1.5 High 350
B6 Li-ion 2.0 High 500
B7 Li-ion 3.0 High 700
B8 Li-ion 4.0 High 1000
B9 NiMH 1.5 Normal 300

B10 NiMH 2.0 Normal 350
B11 NiMH 2.5 Normal 450
B12 NiMH 3.0 Normal 550
B13 NiMH 1.5 High 250
B14 NiMH 2.0 High 250
B15 NiMH 3.0 High 350
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In this case study, two design parameters were selected as variables for parameter optimization.
e P: Power of the electric motor (/p)

e N: Number of batteries (integer)

3.4.3. Evaluation and optimization

Five evaluation measures were selected for evaluation of the design and process solutions.

Cr: Total cost of adaptation (modules and processes) ($)

Dr: Total duration (day)

Ar. Acceleration time of the electric vehicle (second)

R: Reliability (%)

Dr: Distance range of the EV (km)

The evaluation measures were calculated from the design parameters. The total cost Cr was

obtained by:

CT: Ccanﬁguration + Cpracess (317)

where Ceonfiguraiion 18 the cost of components for the design configuration, and Cprocess 1s the cost of

the adaptation process. The cost of configuration was calculated by:

Cconﬁguration = Cmotor + Cbattery—pack"‘ Ceontroller (318)

where in each configuration, Cuorwr (8) is the cost of the selected motor, Chasery-pack ($) is the cost
of the battery pack, and Ceonmonier ($) 1s the cost of the controller. The cost of battery pack was
calculated by:

Cbattery—pack = Cbattery—um't x N (3 1 9)

where Charery-unit 1S the cost of a unit battery. The cost of the corresponding adaptation process was

calculated by:

Cprocess = Cmotor-delivery + Cbattery—delivery + Ccontroller-delivery + Cassemb]y (32 0)
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where Choror-deiivery 18 the cost for motor delivery, Cpasery-deiivery 1S the cost for battery delivery,
Ceontroller-detivery 1S the cost for controller delivery, and Cagsemsiy 1 the cost for assembly adaptation

process.

The total duration (days) of the adaptation was calculated by:
Dr = maX{ Dmotor-delivery, Dbattery—de]ivery, Dcontroller-de]ivery} + Dassemb]y (32 1)

where Duoror-delivery 1S the duration for motor delivery, Deatery-deiivery 1 the duration for battery
delivery, Dcontroller-deiivery 18 the duration for controller delivery, and Dugssempsiy 1s the duration for

assembly adaptation process.
The acceleration time A, (seconds) for the electric vehicle to reach 60 km/hour from 0 km/hour
was achieved by:

2
1000
M (v x —)
3600

A= 2x(746 P)

(3.22)

where M is the mass of the electric vehicle (kg) which was assumed as 2000 kg, v is the average
speed of an electric vehicle which is approximately 60 km/hour, and P is the power of the selected

motor (/p).

The five-year reliability measure (%) of the electric vehicle was calculated by:

R= Rmotor X ( Rbattery)/v X Rcontm//er (32 3)

where Ruonr (%6) 1s the reliability of the selected motor, Rpanery (%0) 1s the reliability of the battery
unit, and Reonmotter (%6) 1s the reliability of the controller. In this work, the probability that a module

would not fail within 5 years was selected as the reliability measure.
The distance range Dr (km) of the EV to travel when the battery is fully charged was calculated
by:

D, = 22N (3.24)

€avg

where E is the energy of the battery (kw-hour/battery), and e. s the average energy consumption

of an electric vehicle which was assumed to be 0.2 kw-hour/km.
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Since five evaluation measures with different units were considered in this case study, these

five evaluation measures were converted into five comparable evaluation indices to build the

overall evaluation index considering importance factors of these evaluation indices. In this work,

satisfaction indices were used as the evaluation indices. First, data points considering evaluation

measures and evaluation indices were obtained from customers and engineers. The least-squares

curve fitting method was then used to obtain the numerical relations (Yang et al. 2006). Figure

3.11 shows the data points and the fitted curves to model the relations between the five evaluation

measures and their corresponding evaluation indices.

The five evaluation indices were achieved as:

1
I =1-—
Cr 80000 T

I, = —1.5006 X 1078D7 + 2.5534 x 107D3 — 2.5039 X 10~*D?
+0.0048D; + 0.9725

Iy, = —2.2145 X 107*A? + 0.005243 — 0.0451A4% + 0.05034, + 0.9917

Iz = —3.9336 X 1078R* + 6.012 X 107°R3 — 1.4781 X 10~ *R?
+0.0040R — 0.0027

Ip, = —2.626 X 1071°D2 +1.114 X 1077D3 — 5.407 x 107D}
+5.570 X 107*Dg — 0.0027

The overall evaluation index / was defined by:

[ = WCTICT+WDTIDT+WAtIAt+IRWR+WDRIDR
WCT+WDT+WAt+WR+WDR

where the weighting factors for these five evaluation indices were selected as:

We, = 0.5, Wp, = 0.3, W,, = 0.2, Wy = 0.2, Wp, = 0.2
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The multi-level optimization (Xue 1997) was then carried out to identify the optimal solution
and its optimal parameter values with the maximum overall evaluation index /. In this work, the

parameter optimization was defined by:

max [(P,N) (3.31)

w.r.t. (P,N)
S.1.
60 <P <200

10<N<30

Through multi-level optimization, the optimal solution was achieved as:

e Design configuration in the optimal solution:
Motor quality = High
Battery quality = High
Battery type = Ni-MH

Controller quality = Normal

e Adaptation process in the optimal solution:
Motor supplier = National
Motor delivery = Air
Battery supplier = Local
Battery delivery = Surface
Controller supplier = National
Controller delivery = Air

Assembly = Workshop-2 / Friend Technician

e The optimal parameter values:
P =130 hp

N= 15 batteries
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The evaluation measures and their evaluation indices corresponding to the optimal solution are

shown in Table 3.5.

Table 3.5. Evaluation measures and evaluation indices for the optimal solution

Evaluation measure Optimal value | Optimal index
Total cost ($) 27,350 0.6581
Total duration (days) 45 0.8520
Acceleration time (s) 3.10 0.8490
Reliability (%) 0.70 0.6730
Distance range (km) 225 0.6975
Overall evaluation index 0.7347

3.5. Summary

An efficient optimization approach was developed in this chapter to identify the adapted
product design and the product adaptation process with initial evaluation of information quality in
branches of an AND-OR tree based on information entropy. In this work, a procedure for
adaptation of existing products was also presented. The adapted product design candidates and the
adaptation process candidates, in addition to parameters associated with product configurations
and adaptation processes, were modelled using an AND-OR tree. The adapted product design
configuration candidates and the product adaptation process candidates were evaluated using
multiple evaluation measures. Information entropy was employed to evaluate information quality
in branches of the AND-OR tree for improving optimization efficiency by pruning the branches
with less useful information. The optimal adapted product design configuration candidate, the
optimal adaptation process candidate, and the optimal configuration/process parameter values
were then identified through the two-level optimization method. A numerical example and an
engineering application case study have been conducted to demonstrate the effectiveness of this

developed method.
The characteristics of this newly developed method are summarized as follows.

(1) Information entropy is an effective measure to evaluate the quality of information for an AND-
OR tree. For an AND-OR tree composed of many nodes with limited availabilities to be
selected to create the design and process solutions, the effective number of solutions from this
tree is actually smaller than the nominal number of solutions created through tree-based

search.
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(2) Evaluation of branches in an AND-OR tree based on information entropy is effective to
remove branches with less useful information leading to the optimal solution. By pruning the
branches of an AND-OR tree with smaller entropies, efficiency of optimization to obtain the

optimal solution can be improved significantly.

(3) The optimal design and process planning approach developed in this research is effective to
identify the optimal adapted design configuration, the optimal adaptation process, and the

optimal values of design and process parameters for product adaptation.

In the next chapter, in addition to the creation of the adapted designs for adaptation of the
existing products, design of new adaptable products that can be easily changed during product
operation stages will be investigated. The new design approach will be employed for the design of
anew internal combustion engine (ICE) vehicle that can be easily converted into an electric vehicle

(EV).
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Chapter 4. Design of New Adaptable Products Considering the Original Product Design
Configurations, the Adapted Product Design Configurations,

and the Product Adaptation Processes

4.1. Introduction

Adaptable products can be changed in configurations and parameters during their operation
stages to satisfy changes in functional requirements and environmental conditions. The objective
for the design of adaptable products is to reduce the time and cost of product adaptation in the

operation stages.

In Chapter 3, design for adaptation of existing products was considered. The efforts needed for
adaptation of existing products during their operation stages, however, can be high since product
adaptation was not considered during the design stages of these products. As a result, the existing
products sometimes cannot be changed to satisfy the new requirements, and new products need to
be designed and manufactured. Since approximately 80% of the costs related with a product's
lifecycle are determined in the early design stages, while the design phase itself takes only 20% of
the overall effort to product development (O’Grady and Young 1991; Niu et al. 2022), design of
new adaptable products, instead of modification of the existing ones, can lead to reduction of the

adaptation efforts to satisfy new customer requirements.

The objective of this chapter is to develop a new method for optimal design of new adaptable
products to identify the original product design configuration before adaptation, the adapted design
configuration after adaptation, and the product adaptation process, as well as the

configuration/process parameter values.

The key difference between the work carried out in Chapter 3 and the work that will be

presented in Chapter 4 is summarized as follows.

¢ In Chapter 3, the scope of adaptable product design was limited to the adaptation of existing
products, where multiple adapted product design solutions were created and evaluated for

selection of the optimal one.

e In Chapter 4, the scope of adaptable product design is extended to the design of new adaptable

products, where multiple design solutions of the original product configuration before product
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adaptation are also considered in addition to the multiple design solutions of the adapted product
configuration for each of the original product design configurations for selection of the optimal
original product design configuration and adapted product design configuration. Same as

Chapter 3, the product adaptation processes are also considered in this chapter.

4.2. A New Method for Identification of the Optimal Original Design Configuration, Adapted
Design Configuration, and Product Adaptation Process for the Design of a New

Adaptable Product

In this section, first a framework is developed to integrate the tasks of design for adaptation of
existing products and the tasks for the design of new adaptable products in the same environment.
Second, the procedure for the design of new adaptable products for easy product adaptation is

explained.

4.2.1. Framework of the developed method

The framework of this new method for identification of the optimal original design
configuration, adapted design configuration, and product adaptation process is shown in Figure
4.1. Design tasks in this framework are classified into two categories: design for adaptation of an

existing product and design of a new adaptable product.

e Design for adaptation of existing products

In this type of design, an existing product (e.g., a Toyota Camry) is selected for product
adaptation (e.g., to convert from an internal combustion engine (ICE) car to an electric vehicle
(EV) car). First, the design of the existing product is selected, and an AND-OR tree is used to
model the original configuration of the existing product and all possible adapted design
configurations, adaptation processes, and parameters of the adapted design configurations and
the adaptation processes. The multi-level optimization is then conducted to identify the optimal
adapted design configuration, adaptation process, and parameters of the adapted design
configuration and the adaptation process. The optimal solution is subsequently used to convert
the existing product from the original configuration (e.g., the ICE Toyota Camry) to the
adapted configuration (e.g., the converted EV Toyota Camry).
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Figure 4.1. Framework of the developed method

e Design of new adaptable products

In this type of design, an existing product (e.g., a Toyota Camry) is used as a baseline for the
design of the new adaptable product through design improvement. First, the existing product
is considered to define an AND-OR tree for modelling the new generic adaptable product by
considering all possible solutions with the original design configurations, the adapted design
configurations, the product adaptation processes, and the parameters of these configurations
and processes. The multi-level optimization is then conducted to identify the optimal original
design configuration, adapted design configuration, product adaptation process, and
configuration/process parameters. The optimal original design configuration is subsequently

used for manufacturing of the original configuration of the adaptable product (e.g., the new

72



ICE vehicle). When product adaptation is required in the operation stage, the optimal adapted
design configuration and product adaptation process are then used to convert the original
configuration of the adaptable product (e.g., the new ICE car) into the adapted configuration

of this adaptable product (e.g., the converted new EV car) to satisfy the customer requirements.

In this work, the virtual solution is called design or product design (e.g., adaptable design or
adaptable product design), while the physical solution is called product (e.g., adaptable product),

as shown in Figure 4.1.

Differences between the design for adaptation of an existing product and the design of a new
adaptable product in modelling are illustrated with simple examples as shown in Figure 4.2. First,
the existing product is selected and design of this existing product is modelled by a tree as shown
in Figure 4.2(a). In this existing product, H1 is the battery housing of a cell phone, and B1 is the
battery of the cell phone. The adaptation requirement is to upgrade the existing battery B1 to a new

one with higher power density.

A

The Existing Product . N -
£ A AND relation A OR relation ) OR-A relation

|:| Unadaptable design node D Adaptable design node

(1) Original design configuration before product adaptation
" (2) Adapted design configuration after product adaptation

(a). Modelling of the existing produc
Design for Adaptation of an Existing Product Design of a New Adaptable Product

Original Configuration

Original Configuratio

The Generic AND-OR Tree A Design Solution The Generic AND-OR Tree A DeSign Solution

(b). Design for adaptation of an existing product (¢). Design of a new adaptable product

Figure 4.2. Differences between design for adaptation of an existing product and design of
a new adaptable product
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In the process of the design for adaptation of an existing product as shown in Figure 4.2(b),
the tree of the existing product is modified as the generic AND-OR tree, considering different
design solutions to adapt the existing product. In this example, two batteries, B2 and B3, are
considered for upgrade. From the generic AND-OR tree, two solutions (i.e., one with B2 and one
with B3) are created through tree-based search for product adaptation. When B3 is better than B2,
considering performance or cost, the solution with B3 is selected as the design solution. The B3 is
then used to upgrade B1 in the original design configuration to the adapted design configuration.
Since the battery housing may not be designed particularly for battery upgrade, some efforts (e.g.,

service of a skilled technician) are required for the battery upgrade.

In the process of designing an adapted product, as shown in Figure 4.2(c), the design of a new
original product configuration is also considered in addition to product adaptation. In this case, the
tree of the existing product is modified into the generic AND-OR tree, considering different
original product design configurations and different adapted product design configurations. In the
example shown in Figure 4.2(c), two different battery housing units, HI and H2, are considered
for the original product design configuration, in addition to the two batteries, B2 and B3, for the
adapted product design configuration. From the generic AND-OR tree, two solutions for the
original product design configuration (i.e., one with H1 and one with H2) are created, and each of
these original product design configurations can be further changed into the two adapted product
design configurations (i.e., one with B2 and one with B3). Suppose H2 is the battery housing
appropriate for battery upgrade by the customers, H2 is then selected for the original product

design configuration, considering its better battery adaptation function.

From the examples shown in Figure 4.2, we can see that the objective for the design of the
adaptable product is to design a new original configuration of the product that can be easily
adapted. Although the cost of the original configuration for an adaptable product is often higher
than the cost of the traditional product, the cost of the adaptation process for the adaptable product
is expected to be much lower, thus leading to the reduction of the total cost. In the case study given
in Chapter 3, the adaptation of an existing Toyota Camry from the ICE car to the EV car was
conducted. The objective for the new adaptable design approach is to design a new ICE car that

can be easily adapted to an EV car.
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4.2.2. The procedure for the design of new adaptable products

In this section, the procedure for the design of new adaptable products is presented as follows.

4.2.2.1. Modelling for the design of adaptable products

Changes of models for the design of an adaptable product are shown in Figure 4.3.

(a) Modelling of the generic product with alternative solutions of the original design

configurations, the adapted design configurations and the product adaptation processes

The generic product with all possible original design configurations, adapted design
configurations, and adaptation processes is modelled by an AND-OR tree as shown in Figure
4.3(a). Nodes of the tree are defined by design nodes and process nodes. Partial design solutions,
such as components and sub-assemblies, are described by the design nodes, while partial
adaptation process solutions, such as assembly operations and disassembly operations, are
described by the process nodes. Design nodes are classified into the following two categories,

unadaptable design nodes and adaptable design nodes.

e Unadaptable design nodes: nodes that cannot be modified (e.g., replaced or removed) for

product adaptation.
e Adaptable design nodes: nodes that can be changed for product adaptation.

When a collection of design nodes is grouped into a module, nodes in this module cannot be
separated in product adaptation. Sub-nodes of a super-node are associated with three types of
relations: AND relation when all the sub-nodes need to be selected to support the super-node, OR
relation when only one sub-node needs to be selected to support the super-node, and OR-A (i.e.,
OR for adaptation) relation when different sub-nodes are used for different configurations of the
product by considering product adaptation. In this work, only two configurations for the original

design before product adaptation and the adapted design after product adaptation are considered.
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(a). An AND-OR tree for modelling of generic product (b). A specific original design configuration with

with alternative solutions of original design alternative solutions of adapted design
configurations, adapted design configurations and configurations and adaptation processes
product adaptation processes created from the model in (a)

(d). A final solution with a specific original design
configuration, a specific adapted design
configuration, and a specific adaptation process
created from the model in (c)

(c). A solution with a specific original design configuration,
a specific adapted design configuration, and alternative
adaptation processes created from the model in (b)
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Figure 4.3. Changes of models for the design of an adaptable product
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The following rules should be satisfied for modelling design nodes in the generic product

AND-OR tree:

e For an unadaptable super-node, when its sub-nodes are associated with an AND relation, at

least one of its sub-nodes should be unadaptable.

For an unadaptable super-node, when its sub-nodes are associated with an OR relation, all the

sub-nodes should be unadaptable.

For an adaptable super-node, when its sub-nodes are associated with an AND relation or an OR

relation, all the sub-nodes should be adaptable.

For an adaptable super-node, when its sub-nodes are associated with an OR-A relation, all the
sub-nodes should be adaptable for different product configurations, considering product

adaptation.

For nodes in a module, all the nodes should be either unadaptable or adaptable. Only AND

relations are used to associate sub-nodes in a module.

(b) Creation of a specific original design configuration with alternative solutions of the adapted

design configurations and the adaptation processes

Specific original design configuration candidates are created from the generic product design

AND-OR tree through tree-based search. A specific original design configuration with alternative

solutions of the adapted design configurations and the adaptation processes is defined by an AND-

OR tree. Figure 4.3(b) shows a specific original design configuration created from the AND-OR

tree given in Figure 4.3(a). The following rules are used to generate a specific original design

configuration:

First, select the root node (e.g., Node D).

If the selected node has sub-nodes associated with an AND relation (e.g., Node D, Node P5),

all these sub-nodes should be selected.

If the selected node is an unadaptable design node and its sub-nodes are associated with an OR

relation (e.g., Node B), only one sub-node should be selected.
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o If the selected node is an adaptable design node and its sub-nodes are associated with an OR-A

relation (e.g., Node A1, Node C5), all the sub-nodes should be selected.

o If the selected node is an adaptable design node for the original design configuration and its
sub-nodes are associated with an OR relation (e.g., Node A2), only one sub-node should be

selected.

o If the selected node is an adaptable design node for the adapted design configuration and its
sub-nodes are associated with an OR relation (e.g., Node A3), all the sub-nodes should be

selected.

e Ifthe selected node is a process node and its sub-nodes are associated with an OR relation (e.g.,

Node P4), all the sub-nodes should be selected.

(c) Creation of a solution with a specific original design configuration, a specific adapted design

configuration, and alternative adaptation processes

Specific adapted design configuration candidates are created from the specific original design
configuration AND-OR tree through tree-based search. A solution with a specific original design
configuration, a specific adapted design configuration, and alternative adaptation processes is
defined by an AND-OR tree. Figure 4.3(c) shows a solution with a specific original design
configuration, a specific adapted design configuration, and alternative adaptation processes created
from the AND-OR tree given in Figure 4.3(b). The following rules are used to generate a solution
with a specific original design configuration, a specific adapted design configuration, and

alternative adaptation processes:
o First, select the root node (e.g., Node D).

o If the selected node has sub-nodes associated with an AND relation (e.g., Node D, Node P5),

all these sub-nodes should be selected.

o [fthe selected node is an adaptable design node and its sub-nodes are associated with an OR-A

relation (e.g., Node A1, Node C5), all the sub-nodes should be selected.

o If the selected node is an adaptable design node for the adapted design configuration and its
sub-nodes are associated with an OR relation (e.g., Node A3), only one sub-node should be

selected.
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o Ifthe selected node is a process node and its sub-nodes are associated with an OR relation (e.g.,

Node P4), all the sub-nodes should be selected.

(d) Creation of a final solution with a specific original design configuration, a specific adapted

design configuration, and a specific adaptation process

Specific product adaptation process candidates are created from the specific adapted design
configuration AND-OR tree through tree-based search. A final solution with a specific original
design configuration, a specific adapted design configuration, and a specific adaptation process is
defined by an AND-OR tree. Figure 4.3(d) shows a final solution created from the AND-OR tree

given in Figure 4.3(c). The following rules are used to generate a final solution:
e First, select the root node (e.g., Node D).

e If the selected node has sub-nodes associated with an AND relation (e.g., Node D, Node P5),

all these sub-nodes should be selected.

e If the selected node is an adaptable design node and its sub-nodes are associated with an OR-A

relation (e.g., Node A1, Node C5), all the sub-nodes should be selected.

e Ifthe selected node is a process node and its sub-nodes are associated with an OR relation (e.g.,

Node P4), only one sub-node should be selected.

From a final solution for adaptable product design, multiple product configurations are created
considering product adaptation. In this work, only two configurations, i.e., the original product
configuration before product adaptation and the adapted product configuration after product
adaptation, are considered. Figure 4.4 shows configuration of the original design, configuration of
the adapted design, and process of product adaptation created from the AND-OR tree given in
Figure 4.3(d).

The following rules are used to create product configurations before and after the product

adaptation process:
o First, select the root node (e.g., Node D).

o If the selected node has sub-nodes associated with an AND relation (e.g., Node D, Node P5),

all these sub-nodes should be selected.
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e Process nodes are selected only for the tree of the adapted design.

o If the selected node is an adaptable design node and its sub-nodes are associated with an OR-A
relation (e.g., Node A1, Node C5), only one sub-node should be selected for the original design

configuration or the adapted design configuration.

The original design configuration The adapted design configuration and
adaptation process

A AND relation I:' Unadaptable design node (1) Original design configuration

/\ D Adaptable design node before product adaptation
OR relation == (2) Adapted design configuration
A L____! Module after product adaptation

7\

rox OR-A relation O Adaptation process node

Figure 4.4. The original design configuration, the adapted design configuration and the adaptation process

4.2.2.2. Evaluation for the design of adaptable products

Asolution S; (i = 1,2,...,p) with a specific original design configuration, a specific adapted

design configuration, and a specific adaptation process is further defined by its parameters X;
including parameters for the original design configuration X EOD), parameters for the adapted

design configuration X gAD), and parameters for the adaptation process X EAP). Some parameters are

shared in X EOD), X EAD) and X EAP).
X, ={x°”x" x"") i =12,.,p (4.1)
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In this research, m evaluation measures, such as performance and cost, are used to evaluate a

feasible solution, S; (i = 1,2, ...,p), which is defined by its design and process parameters X;.
Fi=fi(X), i = 1,2,.,p;j = 1,2,..,m 42)

where F; represents the j-th evaluation measure. When the same evaluation measure is calculated
by different functions for the original design configuration and the adapted design configuration
(e.g., the reliability for the ICE configuration and the EV configuration of the car), this evaluation
measure can be achieved by:

(Z](-OD)fj(OD)(Xi)+0l](-AD)fj(AD)(Xi)

F = fi(X)) = Oy ,i=1,2.,p) = 1,2,..,m (4.3)
J J

where fj(OD)(X ;) and fj(AD) (X;) are the functions to calculate the evaluation measures for the

D)

original design configuration and the adapted design configuration, and aj(OD) and aj(A are the

weighting factors for the original design configuration and the adapted design configuration
considering the j-th evaluation measure. For the adaptable vehicle, the operation durations T (°P)
and T “4D) for the two configurations can be used as the weighting factors for the ICE configuration

and the EV configuration of the car.

The different evaluation measures are usually defined by different units such as efficiency and
cost. To consider all these measures for evaluation of a design solution, these evaluation measures
are first converted into comparable evaluation indices between 0 and 1, representing satisfaction

levels in these evaluation aspects.
FX) =g;(F) = g; (X)), i = L2,pij = 1,2,.m (4.4)

where g;() is the numerical function to obtain /;(X;), and I;(X;) is the evaluation index of the j-¢/

evaluation measure.

In this research, similar to Chapter 3, the method developed by Yang et al. (2006) is used to
convert evaluation measures into evaluation indices. In this method, the evaluation indices (i.e.,
satisfaction levels) for different evaluation measures are collected from customers and/or engineers

as data points. A linear or a non-linear relationship between the evaluation measure and the
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evaluation index is then defined by a polynomial function. The least-squares curve-fitting method

is subsequently used to obtain the coefficients of the polynomial function.

The overall evaluation index, I(X;), considering all evaluation aspects is defined by:

ST (wix0)
7;1 W

IXx;) = (4.5)

where W; represents the weighting factor of the /-t evaluation index.

4.2.2.3. Optimization for the design of adaptable products

The optimal solution with the original design configuration, the adapted design configuration,
the product adaptation process, and the parameters of configurations and process is obtained

through the multi-level optimization method (Xue 1997).

e Parameter optimization

For a solution with the original design configuration, the adapted design configuration, and the
product adaptation process, parameter optimization is conducted to obtain the optimal values
of these parameters and the optimal evaluation index corresponding to these optimal parameter

values.

o Configuration/process optimization

Each solution defined by its original design configuration, adapted design configuration, and
product adaptation process is evaluated by its optimal evaluation index obtained through
parameter optimization. Among all the solutions, the optimal one is achieved through

configuration/process optimization.

Parameter optimization for a solution S; (i = 1,2, ..., p) with its original design configuration,

the adapted design configuration, and the product adaptation process is defined by:

max 1(X;) (4.6)

w.r.t. X;

S.t.

XY <x; <x,
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where X; represents the vector of parameter variables, I(X;) is the optimization objective function

to be maximized, and X;Pand X;?) are the lower bounds and upper bounds of X;, respectively.
The bounds of the variable parameters are determined based on factors such as physical and
manufacturing constraints to ensure feasible solutions. Equality constraints and inequality
constraints can also be considered in parameter optimization. When the parameters are defined by
discrete values or the evaluation measures in the whole parameter space need to be calculated, the
exhaustive method is used for parameter optimization. When the design parameters are defined by

continuous values, numerical search (Rao 2009) is employed for parameter optimization.

Among all the candidate solutions, the optimal one is achieved by configuration/process
optimization defined by:
Jnax, I(X7) (4.7)
where X is the vector of the optimal parameter values for the i-th solution candidate S;, and I (X7})
is the corresponding optimal evaluation index. Exhaustive method is used for the
configuration/process optimization when the number of solutions is not large. However, when the
number of solutions is considerably large, genetic programming (Rao 2009) is employed for the
configuration/process optimization. The effectiveness of genetic programming for optimization
with solutions modelled by AND-OR trees was demonstrated in the previous research on

configuration optimization (Hong et al. 2008).

4.3. A Case Study: Design of an Adaptable Vehicle for Easy Conversion from the ICE
Configuration to the EV Configuration

The developed method was used for design of an adaptable vehicle for easy conversion from

its ICE configuration to its EV configuration.

4.3.1. Problem for the design of the adaptable vehicle

Conversion of an ICE car into an EV car, as shown in Figure 4.5, typically starts with the
removal of the ICE components, including the engine, fuel tank, and exhaust system. An electric
motor capable of providing the desired power and torque is then selected and installed. A battery

pack, which is usually composed of battery cells connected in series and/or parallel to satisfy power
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and voltage requirements for the electric motor, and other modules are subsequently selected and

installed.

________________________________________

1 . \ ! \
4| IC Engine 4| Motor
* Fuel Tank 4| Batteries

1 Exhaust i  Controller
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1
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1
1
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e ——— -
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Wheels Wheels

Figure 4.5. Product conversion from the ICE car to the EV car

Instructions, parts, and services for the conversion of ICE cars to EV cars are provided by many
companies and websites (Toms 2021). An optimization method was developed in Chapter 3 to
identify the best adapted design and adaptation process for product adaptation, and this method
was used to achieve the optimal adapted design configuration, product adaptation process, and
parameter values of the design configuration and the adaptation process for conversion of an
existing ICE car to an EV car. The case study presented in this section aims to further improve the
effectiveness of the adaptable product design approach by developing a new adaptable vehicle for

easy product adaptation from its ICE configuration to its EV configuration.

4.3.2. Modelling for the design of the adaptable vehicle

The generic adaptable vehicle, considering all possible ICE configurations, EV configurations,
and processes to convert from ICE configurations to EV configurations, is shown in Figure 4.6.
Design nodes and process nodes are associated with design and process parameters. In this work,
the 2022 Toyota Camry was selected as the baseline model. Information from (Toms 2021) was
used for the modelling of product adaptation from the ICE configuration to the EV configuration.
The major alternative solutions for the original design configuration, the adapted design
configuration, and the adaptation process are summarized in Table 4.1. In this case study, only the

major decision-making issues for the adaptable vehicle design were considered.
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Table 4.1. Alternative solutions for the original design configuration, the adapted design configuration and the

adaptation process
Aspect Item Alternatives
Original Engine ¢ Existing design with traditional mounting only for engine
design mounting | ¢ New design with a compartment for easy mounting of engine,
configuration motor and batteries
(ie., ICE ) Shape of e [rregular shape with the optimal space utilization for fuel
configuration) fuel tank e Rectangular shape for both fuel and batteries
Fuel tank | e Existing design with traditional mounting only for fuel tank
mounting | e New design with a compartment for easy mounting of fuel
tank and batteries
Floor e Traditional design with a single layer
e New design with two layers and space between two layers
Adapted Quality of | e Normal quality in reliability
design _ motor ¢ High quality in reliability
c.onﬁguratlon Series of e Model 35 series
(ie, EV motor e Model 50 series
configuration) ]
e Model 51 series
Quality of | e Normal quality in reliability
batteries | & High quality in reliability
Series of e Model 148 series
batteries e Model S series
Location For traditional floor design with single layer
of batteries | e Front hood only
e Back fuel position only
e Front hood and back fuel position
For new floor design with two layers and space between them
e Front hood only
e Back fuel position only
e Front hood and back fuel position
e Space in floor
Adaptation Motor For traditional engine mounting design without compartment
process assembly | o Cold welding
(i.e., conversion e Arc welding
process) e Drilling and fastening
For new engine mounting design with compartment
e Slide-in mounting
e Bolts and nuts
Supplier of | e Local
motor e International
Supplier of | e Local
batteries e International
Personnel | e Professional mechanic
e Hobby customer as DIY project
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From this AND-OR tree, candidate solutions of the ICE configurations, EV configurations, and
conversion processes were created using the methods given in Section 4.2.2.1 through tree-based
search. For this case study, a total of 26,880 solutions were created, and each solution was defined

by a tree representing its ICE configuration, EV configuration and conversion process.

Various databases were defined to model the available components (e.g., motors and batteries)
at different suppliers, and specifications of these components. Table 4.2 shows the database for

available motors from an international supplier.

Table 4.2. Available motors in an international supplier

ID Series Power (hp) Quality | Cost ($)
Ml Model-35 60 Normal 2000
M2 Model-35 60 High 2500
M3 Model-35 80 High 3000
M19 Model-51 200 Normal 12000
M20 Model-51 200 High 12500

A solution with its ICE configuration, EV configuration, and conversion process is defined by
a tree. Since nodes of this tree are associated with parameters for the original design configuration,
the adapted design configuration, and the adaptation process, a solution S; (i = 1,2,...,26,880)
can be defined by these parameters as shown in Equation (4.1). In this case study, only two major

parameters for the adapted design configuration were selected as variables for parameter

optimization.
(1) P: Power of the electric motor (/p)
(2) N: Number of the batteries (integer)

A solution S; in this case study can be defined by its parameters as:
X; =(P,N), i=12..,26880 (4.8)

The two design parameters were selected as variables based on the following considerations:

e Among the influences of factors considering different design configurations and different

design parameter values on evaluation measures, the selection of different design
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configurations plays a dominating role in achieving the optimal evaluation measures compared

with the selection of different design parameter values.

e Among all the design parameters, only some parameters influence the selected evaluation
measures and tradeoffs among these evaluation measures. For parameters exhibiting monotonic
increasing or decreasing relationships with single evaluation measures, values of these

parameters are usually selected at their boundaries defined by constraints.

4.3.3. Evaluation for the design of the adaptable vehicle

In this study, five measures were selected for evaluation of a solution with its parameters.

C: Total cost for ICE configuration, EV configuration, and conversion process ($)

D: Total duration for conversion process (days)

A: Acceleration time of the EV from a stationary position to a normal speed (seconds)

R: Reliability of EV for 5 years (%)

e B: Balance of weights for the EV (N'm)

(1) Total cost: C ($)

The total cost C was obtained by:
C=Cop+ Cap+ Cup (4.9)

where Cop is the cost of components for the original design configuration (i.e., ICE configuration),
Cyp 1s the extra cost of components for the adapted design configuration (i.e., EV configuration),

and Cyp is the cost for the adaptation process (i.e., conversion).

e The cost for the original design configuration Cop was calculated from the costs of components
and tasks to build the ICE configuration, including engine, ICE compressor, fuel tank, fuel

pump, chassis, floor, engine mounting, fuel tank mounting, etc.

e The extra cost for the adapted design configuration C4p was calculated from the extra costs of

components to build the EV configuration, including motor, battery pack, EV compressor, etc.
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e The cost for the product adaptation C4p was calculated from the costs of activities for the
conversion process, including disassembly of engine, disassembly of fuel tank, delivery of

motor, delivery of battery units, assembly of motor, assembly of battery units, etc.
(2) Total duration for conversion process: D (days)

The total duration D for conversion from the ICE configuration to the EV configuration was
calculated by:

D = max{Dwup, Dpp} + Dpp (4.10)

where Dup 1s the duration for motor delivery, Dgp is the duration for battery units delivery, and
Dpp is the duration of product adaptation by the personnel. The conversion process was started
after all the components of the EV configuration had been delivered. Delivery times of the
components were influenced by the locations of suppliers and delivery methods. The duration of

the conversion was influenced by the schedules and skills of the personnel for the conversion tasks.

(3) Acceleration time of the EV from a stationary position to normal speed: A (seconds)

The acceleration time A4 for the EV to start from a stationary position with a speed of 0 km/hour

to the normal driving speed of 60 km/hour was obtained by:

10002
A= M (VX 3600)
2%(746 P)

(4.11)

where M is the total mass of the EV (kg), v is the normal driving speed of 60 km/hour, and P is the
power of the selected motor (4p). The total mass M was influenced by the weight of the battery

unit and the number of battery units N. P and N were design variables for parameter optimization.

(4) Reliability of EV for 5 years: R (%)

The reliability of EV for 5 years, considering the reliabilities of the two major EV components,

the motor and the batteries, was calculated by:

R =Ry x (RB)N (4.12)
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where Ry (%) and Rp (%) are the reliability of the selected motor and the reliability of the selected
battery unit, respectively, and N is the number of battery units. In this work, the probability that a
module would not fail within 5 years was selected as the reliability measure. Reliability measures

of motor and battery units were influenced by quality specifications of these components.

(5) Balance of weights for the EV: B (N°m)

Balance of weights for the EV, B (N'm), was defined by the balances considering the motor
and battery pack.

B = |Y;B;| = |Xi(M;gY;)|, i = motor, battery unit (4.13)

where M; is the mass of the component (kg), g is the acceleration due to gravity (g = 9.81 m/s°),
and Y; is the distance from the center of the component's weight to the center of the EV (m). In this
work, only the balance in the direction perpendicular to the driving direction was considered. The
weight balance B can also be considered as the total torque due to forces of the motor and battery
units applied to the center of the EV due to its acceleration with value g when the car is turned in
the driving direction. In this case study, the motor was mounted in the front hood. The battery units
were mounted with four options: only in the front hood, only in the back fuel position, both in the
front hood and the back fuel position, and in the space between the two floor layers. Y; is positive
when the weight is in the front position of the EV, while Y; is negative when the weight is in the

back position of the EV.

Since the five evaluation measures in this case study were in different units, these evaluation
measures were converted into comparable evaluation indices using the method explained in
Equation (4.4). Figure 4.7 shows the data points and the fitted polynomial curves to model the

relations between the five evaluation measures and their corresponding evaluation indices.

All the evaluation indices and their corresponding weighting factors were integrated into an

overall evaluation index /, which was defined by:

_ Welc+WpIp+W plp+IgWRr+WpRIp
Wec+Wp+Wa+Wr+Wp

I

(4.14)

where the weighting factors for these five evaluation indices were selected as:

90



W, = 0.8, W, = 0.2, W, = 0.4, Wy = 0.2, and Wy = 0.1

T T 1 T T T T T T T T
09 - 09 1
08 1 0.8
=
0.7+ 1 Lo07r |
2
g Eos
S06F 1 Eost 1
3
3 =
2ost 1 S 05 ]
s )
g w 0.4
E 04| 4 _§ X
k=l

03t ] 03t 1

02 4 02 4

0.1F 4 0.1 F 4

. . , . | o - . A . . . . . )
10000 30000 50000 70000 90000 110000 10 20 30 40 50 60 70 80 90 100
Total Cost ($) Total Duration (Days)
(a). Total cost and its index (b). Total duration and its index
! 1 T T T T T T T
09 ] 09+ J
08 1 ost g

o
>

Index of Acceleration Time
&
.
Index of Reliability

0.4 4 0.4
0.3 | 03 1
02 47 1
[N 1
0.1 N /
0 L L L L L L L L "E) T)U 3'[1 ]Il) 4:! i‘(l ﬁ:ﬂ 7:! KIE) ‘;U 100
1 2 3 4 5 6 7 8 9 10 Reliability (%)
Acceleration Time (Seconds)
(¢). Acceleration time and its index (d). Reliability and its index
1 T T T T T
09
0RF 1
0.7
gosf
E: 05 1
Eoal 1
03 1
02
0l 1

0 : : . o
0 1000 2000 3000 4000 5000 6000 7000

Balance (N - m)

(e). Balance and its index
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4.3.4. Optimization for the design of the adaptable vehicle

The optimal configuration/process solution and its corresponding optimal parameter values
were obtained using the multi-level optimization method introduced by Xue (1997). First, 26,880
configuration/process solutions S; (i = 1,2,...,26,880) were created from the AND-OR tree
given in Figure 4.6 through tree-based search. Each of these 26,880 configuration/process
solutions was defined by a tree representing its ICE configuration, EV configuration, and
conversion process. For each configuration/process solution S;, parameter optimization was

conducted to obtain the optimal values of the two selected design variables P and N for this solution

by:

max I, =1;,(P,N), i = 1,2,..,26,880 (4.15)

w.r.t.(P,N)
S.1.
60 <P <180
10<N<30

where the evaluation index defined by Equation (4.14) for the S; configuration/process solution

was selected as the optimization objective function.

Among the 26,880 configuration/process solutions, the optimal one was achieved by
configuration/process optimization.
where P and N;° are the optimal values achieved through parameter optimization for the

S; configuration/process solution, and I; is the optimal evaluation index corresponding to the

optimal parameter values for the i-th configuration/process solution.

To avoid the optimal solution falling into local optimal points, the exhaustive method was used
for the multi-level optimization to find the true optimal solution. For configuration/process
optimization, all the 26,880 configuration/process solutions were created through tree-based
search, and the best one was selected as the final configuration/process solution. For parameter
optimization, since the number of batteries, N, in Equation (4.15) was an integer between 10 and

30, all the integers between 10 and 30 were considered for parameter optimization. The power of
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the electric motor, P, in Equation (4.15) was a real number between 60 hp and 180 hp. In the
iteration process for parameter optimization, the current value of P was used to check with the
relevant database (e.g., the available motors in an international supplier, given in Table 4.2). The
nominal power of the selected motor with the closest value to the current value of P was selected
as the current optimization result to evaluate the optimization objective function. MATLAB was

used for implementation of the multi-level optimization method.

The true optimal solution was achieved as:

The ICE configuration

Engine Mounting = Compartment, Fuel Tank Shape = Rectangular, Fuel Tank Mounting =
Traditional, Floor Type = Floor with Space

The EV configuration

Motor Quality = High, Motor Brand = Model 50, Battery Brand = Model 14S, Battery Quality
= High, Battery Location = Floor

The conversion process

Motor Assembly = Bolts and Nuts, Motor Supplier = International, Battery Supplier =

International, Adaptation Personnel = DIY

The parameter values
P =146 hp, N= 16 batteries

The evaluation measures and their evaluation indices corresponding to the optimal solution are

shown in Table 4.3.

Table 4.3. Evaluation measures and evaluation indices for the optimal solution

Evaluation measure Optimal value Optimal index
Total cost: C ($) 43,940 0. 6005
Total duration: D (days) 35 0.7530
Acceleration time: A4 (s) 2.480 0.9101
Reliability: R (%) 70.93 0.6857
Balance B: (N - m) 465.0 0.8471
Overall evaluation index: / 0. 7158
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4.3.5. Comparison between the adaptable vehicle and the traditional vehicle

The adaptable vehicle was compared with the traditional vehicle, considering product

adaptation as shown in Table 4.4.

Table 4.4. Comparison between the traditional vehicle and the adaptable vehicle

Aspect Item Traditional Adaptable Improvement
Vehicle Vehicle
ICE Engine Mounting Traditional Compartment
Configuration Fuel Tank Shape Irregular Rectangular
Fuel Tank Mounting Traditional Traditional
Floor Type Traditional Floor Floor With Space
EV Motor Quality High High
Configuration Motor Brand Model 50 Model 50
Battery Brand Model 14S Model 14S
Battery Quality High High
Battery Location Back Floor
Conversion Motor Assembly Drilling and Fastening Bolts and Nuts
Process Motor Supplier International International
Battery Supplier International International
Adaptation Personnel DIY DIY
Optimal Power: P (hp) 146 146
Parameters Number of Batteries: N 16 16
Evaluation Total Cost: C (3) 47,170 43,940 +6.850 %
Measures Total Duration: D (Days) 70 35 +50.00 %
Acceleration Time: 4 (s) 2.482 2.482 0.000 %
Reliability: R (%) 70.93 70.93 0.000 %
Balance: B (N - m) 3127 465.0 +85.13 %
Evaluation Total Cost Index: /¢ 0.5712 0.6005 +5.130 %
Indices Total Duration Index: Ip 0.5528 0.7530 +36.21 %
Acceleration Time Index: /4 0.9101 0.9101 0.000 %
Reliability Index: Iz 0.6857 0.6857 0.000 %
Balance Index: /3 0.2429 0.8471 +248.7 %
Overall Overall Evaluation Index: / 0.6429 0.7158 +11.28 %

e Adaptation of the traditional vehicle (i.e., the existing vehicle)

The components of the original ICE configuration for the traditional vehicle were selected
manually based on the existing vehicle. The adapted EV configuration, the conversion process,
and the parameter values of the traditional vehicle were achieved by the multi-level

optimization method.
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e Adaptation of the new adaptable vehicle

The original ICE configuration, the adapted EV configuration, the conversion process, and the
parameter values of the adaptable vehicle were achieved by the multi-level optimization

method. The adaptable vehicle in Table 4.4 is the same as the one achieved in Section 4.3.4.

The overall evaluation index defined by Equation (4.14) was used as the optimization objective
function for the multi-level optimization. The optimal solutions of the adaptable vehicle and the
traditional vehicle, and their evaluation measures and evaluation indices are shown in Table 4.4.
Compared with the traditional vehicle, the total cost was reduced, the total duration for adaptation

was shortened, and the balance was improved by the new adaptable vehicle.

The comparison results considering only costs are shown in Table 4.5. From this table, we can
see that although the cost of the ICE configuration for the adaptable vehicle is higher than the cost
of the traditional vehicle, the cost of the conversion process for the adaptable vehicle is much

lower, thus leading to the reduction of the total cost.

Table 4.5. Comparison between the traditional vehicle and the adaptable vehicle considering costs

Cost Ttem Traditional Adaptable Cost Improvement
Vehicle Vehicle Difference ($) (%)
Cost for ICE Configuration: 22,810 24,010 -1,200 -5.260 %
Cop ()
Extra Cost for EV 14,950 14,950 0.000 0.000 %
Configuration: Csp ($)

Cost for Conversion: Cup ($) 9,410 4,980 4,430 +47.08 %
Total cost: C (3) 47,170 43,940 3,230 +6.85 %

4.3.6. Comparative study for the optimal design of adaptable vehicles considering different

weighting factors of the evaluation aspects

In this comparative study, five additional cases with different design requirements defined by
different weighting factors were considered. For each of these five cases, one of the weighting
factors was selected as 1.0, while all other weighting factors were reduced to 1% of their original
values. The optimization objective function in Equation (4.14) was defined using these weighting

factors. The optimization results are shown in Table 4.6.
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Table 4.6. Comparison among different adaptable vehicles created considering different weighting factors in the requirements

Aspect Item Adaptable Case 1 Case 2 Case 3 Case 4 Case 5
Vehicle
Design Weights for Wc=0.8 Wc=1.0 Wc=0.008 Wc=0.008 Wc=0.008 Wc=0.008
Requirements Evaluation Wp=0.2 Wp=0.002 Wp=1.0 Wp=0.002 Wp=0.002 Wp=0.002
Indices Wx=0.4 Wa=0.004 Wa=0.004 Wa=1.0 Wa=0.004 Wa=0.004
Wr=0.2 Wr=0.002 Wr=0.002 Wr=0.002 Wr=1.0 Wr=0.002
Wp=0.1 W5=0.001 W5=0.001 Wp=0.001 Wp=0.001 Wp=1.0
ICE Engine Mounting Compartment | Compartment | Compartment | Compartment | Compartment | Compartment
Configuration Fuel Tank Shape Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular
Fuel Tank Mounting Traditional Traditional Traditional Traditional Traditional Traditional
Floor Type Floor With Floor With Floor With Floor With Floor With Floor With
Space Space Space Space Space Space
EV Motor Quality High Normal High High High High
Configuration Motor Brand Model 50 Model 35 Model 50 Model 51 Model 50 Model 50
Battery Brand Model 14S Model 14S Model 14S Model 14S Model 14S Model 14S
Battery Quality High Normal High High High High
Battery Location Floor Floor Floor Floor Floor Floor
Conversion Motor Assembly Bolts and Nuts | Bolts and Nuts | Bolts and Nuts | Bolts and Nuts | Bolts and Nuts | Bolts and Nuts
Process Motor Supplier International International Local International International International
Battery Supplier International International Local International International International
Adaptation Personnel DIY DIY Professional DIY DIY DIY
Optimal Power P 146 60 143 180 146 146
Parameters Number of batteries N 16 17 16 16 10 10
Evaluation Total Cost ($) 43,940 36,530 56,280 47,140 54,227 54,227
Measures Total Duration (Days) 35 35 20 35 35 35
Acceleration Time (s) 2.482 6.210 2.260 2.070 2.480 2.480
Reliability (%) 70.93 38.89 70.93 70.93 80.07 80.07
Balance (N - m) 465.0 456.4 465.0 465.0 315.4 3154
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From this table, we can see:

e When the total cost was considered important (i.e., Case 1), the motor with the lowest power
was selected. The smallest number of batteries was not selected because the cost of a battery

cell with a large energy capacity was high.

e When the total duration of adaptation was considered important (i.e., Case 2), the local
suppliers for motor and batteries were selected. A professional mechanic was also selected for

the conversion.

e When the acceleration time of the EV was considered important (i.e., Case 3), the motor with

the highest power was selected.

e  When the reliability was considered important (i.e., Case 4), the motor and batteries with high

quality were selected.

e  When the balance of weights was considered important (i.e., Case 5), the minimum number of

batteries was selected.

4.4. Summary

In this research, a new method was developed to identify the original design configuration, the
adapted design configuration, and adaptation process for the design of an adaptable product. In
this method, the generic adaptable product design considering alternative solutions of the original
design configurations, the adapted design configurations, and the product adaptation processes was
modelled by an AND-OR tree. All feasible solutions consisting of the original design
configurations, the adapted design configurations, and the adaptation processes were created
through tree-based search. The feasible solutions were then evaluated using multiple evaluation
measures. The multiple evaluation measures with different units were converted into comparable
indices and then integrated into an overall evaluation index for optimization. Two-level
optimization (i.e., configuration/process optimization and parameter optimization) was conducted
to obtain the optimal original product design configuration, the optimal adapted product design
configuration, the optimal adaptation process, and the optimal configuration/process parameter
values. This new method was employed for the design of an adaptable vehicle for easy conversion

from its ICE configuration to its EV configuration.

97



(1)

)

3)

The following conclusions have been obtained through this research.

Compared with our previously developed method for optimal adaptation of an existing
product explained in Chapter 3, the new method for design of new adaptable product can
reduce the overall efforts in product adaptation, thus improving customer satisfaction of the

developed product.

The new method is effective for modelling of the adaptable product including its original
product configuration, adapted product configuration, product adaptation process, and
parameters of the configuration and process, for evaluation of the different design solutions
considering multiple evaluation measures with different units, and for optimization to achieve
the optimal original design configuration, adapted design configuration, adaptation process,

and configuration/process parameters.

The case study has demonstrated potential to develop adaptable vehicles that can be easily
converted from their ICE configurations to their EV configurations to better satisfy the

government policies on environment.

In Chapters 3 and 4, designs with specific product adaptation requirements were considered.

In the next chapter, design of adaptable products considering general product adaptation

requirements (i.e., adaptation requirements are not given or unpredictable during the design stage)

will be investigated.
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Chapter 5. Evaluation of General Product Adaptability for the
Design of Adaptable Products

5.1. Introduction

Adaptable products are designed for easy change of their configurations and parameters in the
operation stages to satisfy the changes in functional requirements. The design of adaptable
products plays an important role in industries in which technologies, consumer preferences, and

regulations change frequently.

Design of adaptable products should be evaluated through measures in design. When multiple
design candidates are created, the one with the best evaluation measures is selected for production.
For the design of adaptable products, the evaluation of product adaptabilities plays a key role in

identifying the best design solution from all possible design solution candidates.

As explained in Chapter 1, product adaptation requirements for the design of adaptable
products are classified into the following two categories, specific product adaptation requirements
and general product adaptation requirements, depending on whether adaptation requirements are

given at the design stages.

(1) Specific product adaptation requirements

Specific product adaptation requirements are the ones that are given or can be predicted at the
design stage. Adaptable product design considering specific product adaptation requirements can

be evaluated by the following methods.

e Specific product adaptability

Specific product adaptability, A®, was defined in literature by comparing the cost of adaptation
tasks to modify an existing product and the cost of creating a new product to satisfy a new

functional requirement (Gu et al. 2004). The specific product adaptability is calculated by

A(S) — C(0—>Ada\pted) - C(Existing—»Adapted)

Clomadapted) , where C(o-,adapted) and C(gxisting»adapted) are the cost

of creating a new product from scratch and the cost of adapting an existing product,
respectively. In other words, the specific product adaptability is the ratio between the cost

saving achieved by adapting the product instead of creating a new one and the full cost of
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creating a new product. When it requires more cost to adapt a product than to develop a new
one (i.e., C(gxisting—Adapted) > C(o-adapted))> product adaptation should not be considered
(A®< 0). When no cost is required for product adaptation (i.e., C(gxisting—adapted) = 0), the

product is a perfect adaptable product (A®=1).

e Adaptation cost

Adaptation cost is the total cost required to convert a product from the original configuration
to the adapted configuration. Adaptation cost is calculated by Cagaptation = Ccomponents T
Cprocess> Where Ceomponents 18 the total cost of the components that are added or upgraded to

create the adapted design configuration, and Cp,qcess 15 the cost of the adaptation process.

To obtain the best design solution, all the possible design solutions can be evaluated either
using the specific product adaptability or the adaptation cost considering the specific adaptation
requirements. Either A® should be maximized, or Cagaptation Should be minimized. Since
C(o-Adapted) is a constant for all the possible design solution alternatives, A®) is maximized when
C(Existing—Adapted) 18 minimized. Therefore, methods with both measures (i.e., A® and Cgaptation)

are used to rank the design solutions with the same results.

In Chapter 3 and Chapter 4, the evaluation of design solutions for obtaining the best one was

carried out based on the adaptation cost.

(2) General product adaptation requirements

General product adaptation requirements are the ones that are unknown or unpredictable at the
design stage. In real-world applications, products frequently face unexpected changes in their
operating conditions, user needs, or technological advancements during their operation stages.
Products should be designed with structures to accommodate for these unpredicted adaptation
requirements. General product adaptability is a measure to evaluate product adaptability without

specific product adaptation requirements (i.e., with general product adaptation requirements).

The general product adaptability considering relations among different components of the
product in the product structure has been introduced in the literature (Fletcher et al. 2009). In this
method, the general product adaptability of a product was evaluated by comparing the full

architecture of the product, modelled by a graph (i.e., parent-child relations with additional
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relations between other nodes), with the segregated architecture of this product, modelled by a tree
(i.e., only parent-child relations). The full product architecture and the segregated product
architecture are shown in Figure 5.1. The segregated product architecture was considered ideal for
adaptable product design since modifying one node did not affect other nodes at the same level.
For evaluation of general product adaptability, different types of relations, such as interface
relations, interaction relations, functional relations, and physical relations, as well as the relative

importance of the nodes (i.e., cost percentages of the components for the product), were also

considered.
Fo |100% FO |100%
_\
Y
Fl1 |20% 50% | F2 03] F3 | 30% FI | 20% F2 [ 50% F3 30%
{0.1} />\ 0.2} /Q\
\i \
Fl1 F21 F22 F31 F32 Fl1 F21 || F22 F31 F32
{0.4} {0.7}
20% 30% 20% 17% 13% 20% 30% 20%  17%  13%

(a). A full product architecture ((i.c., graph) (b). A segregated product architecture ((i.e., tree)

'/O\ AND relation —_— Parent-child relation ——  Connection relation
{k}: Connection parameter (0-1) F%: Cost percentage

Figure 5.1. Full product architecture and segregated product architecture (modified from Fletcher et al. (2009))

In the work by Fletcher et al. (2009), the impact between a parent node, 7, and its sub-node, J,
was modelled by R;; (min{Fl-,Fj}) = min{Fi, F]}, where R; was an impact parameter with the
value of 1, and F; and F; were the importance measures of the two nodes defined by their cost
percentages for the whole product. The impact between two nodes that did not have a parent-child
relation was modelled by R;; (FL- + P}), where R;; was an impact parameter with a value between 0

and 1, considering the influencing factors, including interface relations, interaction relations,
functional relations, and physical relations. For a segregated product architecture, the total impact

considering parent-child relations was achieved by:
kS =3 5 Rij(min{F,, F;}) = X5y min{F;, F;} (5.1)
In a full product architecture, the impact considering the extra relations was described by:
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kEXra) = 3 pveray Rij(Fi + F) (5.2)

The general product adaptability by comparing the full product architecture and its segregated
product architecture was achieved by:

kS
T k) 4k Extra)

k (5-3)

In Chapter 3 and Chapter 4, evaluations were carried out considering only specific product
adaptation requirements. Since prediction of specific product adaptation requirements at the design
stage is a challenging task, the objective of the research in this Chapter is to extend the previous
work to the evaluation of the general product adaptability when specific product adaptation

requirements are not given at the design stage.

When the method by Fletcher et al. (2009) is used for the evaluation of general product
adaptability based on the modelling scheme developed in the previous research (Martinez and Xue
2018; Saad and Xue 2024; Deabae and Xue 2025), the following factors that influence the measure

of general product adaptability must be considered.

(1) Nodes are classified into adaptable nodes and unadaptable nodes, considering whether
changes of the components and sub-assemblies are allowed for product adaptation (Saad and

Xue 2024).

(2) All the component/sub-assembly nodes in a module must be changed at the same time for

product adaptation (Martinez and Xue 2018).

(3) Uncertainties of the component/sub-assembly nodes due to customer preferences, technology

advancement, etc. are defined by adaptation probabilities (Deabae and Xue 2025).

To solve the problems summarized above, a new method is developed in this research to
evaluate the general product adaptability based on the method developed by Fletcher et al. (2009),
considering various influencing factors in our new product modelling scheme, including adaptable
and unadaptable components/sub-assemblies, components/sub-assemblies in modules, and
uncertainties of components/sub-assemblies in product adaptation. This newly developed method
has also been integrated with the previously developed adaptable product design framework,

considering cases without or with specific requirements for product adaptations.
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5.2. Three Factors That Influence the General Product Adaptability

In this research, the method to evaluate the general product adaptability introduced by Fletcher
et al. (2009) has been modified by considering the three influencing factors in the new product
modelling scheme (Martinez and Xue 2018; Saad and Xue 2024; Deabae and Xue 2025) for the
development of the optimal adaptable product design method.

(1) The influence of adaptable and unadaptable components/sub-assemblies

In the method by Fletcher et al. (2009), all the nodes in a graph/tree could be changed. In the
real world, however, changes to some components/sub-assemblies are not allowed for product
adaptation. For example, the two products shown in Figure 5.2(a) are considered with the same
general product adaptability according to the method by Fletcher et al. (2009) because of the same
tree/graph structures. However, since the RAM and battery in the Dell Latitude laptop can be
upgraded or replaced, while the RAM and battery in the MacBook Pro laptop are integrated into
the motherboard and cannot be changed, the Dell Latitude laptop should have better general
product adaptability. In this work, design nodes are classified into adaptable nodes and unadaptable

nodes, considering whether they can be changed for product adaptation.

(2) The influence of components/sub-assemblies in modules

In the method by Fletcher et al. (2009), all the design nodes could be changed separately. In
the real world, however, some components/sub-assemblies cannot be separated from each other.
For example, the two products shown in Figure 5.2(b) are considered with the same general
product adaptability according to the method by Fletcher et al. (2009). However, since the three
color-toner cartridges in the HP LaserJet Pro printer can be changed separately, while the three
color-toner cartridges in the Samsung Xpress printer are grouped as a module, the HP LaserJet Pro
printer should have better general product adaptability. In this work, design nodes can be grouped

into modules for modelling the product design.

103



Dell
Latitude

Dell Latitude laptop with adaptable components MacBook Pro laptop without adaptable components

(a). Adaptable nodes and unadaptable nodes

16% 16% S

15% 150, Laser Unit | 120 " 153,

60% 60% J’| ! :

|c;mi1;e| 45% /159 100 |c§r‘i23rge ﬁﬁ 15% E

100% {0.1} ;m. ’ {0.13 V2 _()_(irs : | Yellow I :
L et (S s [Paper uni] 14% 5
- Other Components | 1()<y;\§ -

Other Components | 10%

HP LaserJet Pro printer with 3 color-toner cartridges Samsung Xpress printer with 1 three-color toner cartridge module

(b). Nodes in modules
Chassis/Casi e
15% assis/Casing
Chassis/Casing [0.0]0 [0.01
25% Screen [2058/1’
Screen [0.0] 100% :
iPhone Main Logic | 35%
Main Logic | 35% 15 Board [0.0]
Board | [0.0] [0.0]
0 oo 8%
[% /701 [0.3]
: 17%
i
[0.0]
Galaxy Xcover 7 with battery changeable by user iPhone 15 with battery changeable by service person
(c). Probabilities of adaptable nodes
D Adaptable design node A .
AND relation w%: Cost percentage

{m}: Strength of connection relation

|:| Unadaptable design node ——» Parent-child relation
[n]: Adaptation probability

| 1
Connection relation

Design module

1
1
[ Sp— |

Figure 5.2. Comparison of designs considering three factors that influence the general product adaptability
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(3) The influence of the probabilities of components/sub-assemblies changes

In the method by Fletcher et al. (2009), the probabilities of design node changes were not
considered. In the real world, different components may have different chances to be changed due
to different conditions in requirements, design, manufacturing, and operation. For example, the
two products shown in Figure 5.2(c) are considered with the same general product adaptability
according to the method by Fletcher et al. (2009). However, since the battery of the Galaxy Xcover
7 can be replaced by the user, while the battery of the iPhone 15 must be changed by an Apple
professional technician, the Galaxy Xcover 7 has better general product adaptability. In this work,
design nodes are associated with probabilities, representing the chances of their changes for

product adaptation.

5.3. Evaluation of General Product Adaptability Considering the Three Influencing Factors

In this research, the general product adaptability introduced by Fletcher et al. (2009) has been
improved by considering the three influencing factors: (1) adaptable nodes and unadaptable nodes,

(2) nodes in modules, and (3) probabilities of node adaptations.

5.3.1. Modelling of a design solution with the actual product architecture

The actual product architecture of a design solution is modelled primarily by a tree with AND

relations, as shown in Figure 5.3(a).

A design node in the tree represents a partial design solution, such as a component (e.g., a gear)
or a sub-assembly (e.g., a gear-pair mechanism with two gears). A super-node is composed of sub-
nodes with an AND relation. A node is associated with its cost percentage, representing its
importance in the whole product. The relations between two nodes are classified into two

categories:
e P-relation: the parent-child relation between a super-node and its sub-node

e (-relation: the connection relation considering functions, shapes, etc.
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(b). An ideal segregated product architecture
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Figure 5.3. Actual and ideal segregated product architectures for modelling a product design solution

The strength of a connection relation is defined by a value between 0 and 1, where 0 represents
no relation and 1 represents an extremely strong relation. The strength of a parent-child relation
between a super-node and its sub-node is 1. When C-relations are considered, the actual product

architecture is defined by a graph.
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Adaptable nodes and unadaptable nodes

Design nodes are classified into two categories: adaptable nodes and unadaptable nodes. An
adaptable node (e.g., A4 in Figure 5.3(a)) can be removed, added, or replaced by another one
usually with different shape and/or function for product adaptation. An unadaptable node (e.g.,
B1 in Figure 5.3(a)) cannot be changed for product adaptation.

Nodes in modules

Design nodes can be grouped into modules (e.g., C1, C3, and C4 in Figure 5.3(a)). For product
adaptation, all the design nodes in a module should be changed together.

Probabilities of node changes

Chances of node changes for product adaptation are defined by probabilities (e.g., 0.3 for A4
in Figure 5.3(a)). The probability of change for an unadaptable node is 0.

The following rules should be satisfied for modelling the relation between a super-node and its

sub-nodes with an AND relation using adaptable nodes and unadaptable nodes.

An unadaptable super-node can be supported by adaptable sub-nodes and unadaptable sub-
nodes with an AND relation (e.g., unadaptable super-node D1 is supported by 1 adaptable sub-
node A4 and 2 unadaptable sub-nodes B1 and C in Figure 5.3(a)). An adaptable sub-node can

be changed for product adaptation without changing the whole super-node.

An adaptable super-node can be supported by adaptable sub-nodes and unadaptable sub-nodes
with an AND relation (e.g., adaptable super-node F is supported by 1 adaptable sub-node F3
and 1 unadaptable sub-node F2 in Figure 5.3(a)). An adaptable sub-node can be changed for
product adaptation without changing the whole super-node. When the super-node is changed,

its sub-nodes should also be changed.

When a super-node and its sub-nodes with an AND relation are grouped into a module, since
each of these sub-nodes cannot be changed independently, all the sub-nodes are unadaptable
nodes. The super-node can be an adaptable node (e.g., E1 in Figure 5.3(a)) or unadaptable node

(e.g., C1 in Figure 5.3(a)).
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Figure 5.4 shows an example with a door and its frame modelled by an AND tree using
adaptable nodes and unadaptable nodes. The door lite can be changed independently (e.g., a
transparent glass door lite can be replaced by a frosted glass one to improve the privacy). When
the door is changed (e.g., from a wooden door to a metallic one to enhance security and durability),

both the door lite and the panel should be replaced.

Door

|~ Door Lite

/ Panel
- | Door Lite | Panel

| Frame

(b). AND tree for door and frame

|:| Unadaptable node
EI Adaptable node

(a). Door and frame A AND relation

Figure 5.4. Unadaptable and adaptable nodes for modelling a door and its frame

Parameters in the actual product architecture are determined based on the following guidelines.

e Adaptation probability

The adaptation probability of a node in the operation stage is defined by a value between 0 and
1. Various factors, such as the technology evolution rate, the level of customer excitement for
new functions, the scalability of the component to accommodate functional change, and the
compliance of the component with upcoming standards, are considered to estimate the

probabilities of adaptable nodes.

o Strength of connection relation

The strength of the connection relation between two nodes is defined by a value between 0 and
1. When the change of a node does not affect the other node, the strength of this connection
relation is defined as 0. When the change of a node leads to a complete change of the other
node, the strength of this connection relation is defined as 1. Various factors, such as interface

standardization, interactions or flows of materials, information and energy, functional
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dependency, and geometric shape, are considered to estimate the strengths of connection

relations.

o Cost percentage

Cost percentages of nodes are calculated from the costs of the bottom nodes in the product AND
tree. The costs of bottom nodes are estimated considering various factors such as materials,
manufacturing processes, production volumes, and suppliers and logistics. When a super-node
is composed of sub-nodes with an AND relation, the cost of the super-node is the sum of the
costs of its sub-nodes. The cost of the root node of the AND tree is used as the total cost of the
product. The cost percentage of a node is calculated by dividing the cost of this node by the
total cost of the product.

5.3.2. Modelling of the ideal segregated product architecture for a design solution

From the actual product architecture, an ideal segregated product architecture, representing an
ideal adaptable product, can be created, as shown in Figure 5.3(b). In this architecture, since the
modification of any node does not influence other nodes, the product is ideal for product
adaptation. It should be noted that the ideal segregated product architecture is usually not
achievable. However, this architecture can be used as a baseline to determine the relative general

adaptability of the actual product.

The following rules are used to generate the ideal segregated product architecture from the

actual product architecture:

¢ All unadaptable design nodes are converted into adaptable design nodes.
e Adaptation probabilities of all design nodes are assigned as 1s.

e Design modules are deleted.

e (Connection relations are deleted.
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5.3.3. Evaluation of general product adaptability

The general product adaptability AC® is defined by:

P
A(G) = z:ACtualR(P) — YActual Ri,j (5 4)
Y1deal RP+ Tactual R Yldeal Ri(.?)"' YActual Ri(,(]"‘)

where ¥ aceual RE represents the influence of parent-child relations (i.e., P-relations) by the actual
product architecture, Yjqea R represents the influence of the parent-child relations (i.e., P-
relations) by the ideal segregated product architecture, and Y acrua) R(C) represents the influence of

connection relations (i.e., C-relations) by the actual product architecture.

J Ri(?) in the actual product architecture:

A P-relation between the i-th super-node and the j-t4 sub-node in the actual product architecture is

(P)

calculated by the relation strength between the two nodes 7; ;i the importance of the j-th sub-node

w;, and the adaptation probability of the j-#4 sub-node p; using:

P P
Ri(,j) - rii‘ "(ow;) = pjw; (5.5)
where the strength of the relation between the two nodes rl.gp) is defined as 1. When both the i-th

node and the j-th node are within the same module, the relation is then not considered, since this

P-relation doesn’t influence the adaptation of the product.

J Rl.(ll;) in the ideal segregated product architecture:

A P-relation between the i-th super-node and the j-th sub-node in the ideal segregated product

architecture is calculated by the relation strength between the two nodes P

i the importance of

the j-th sub-node wj, and the adaptation probability of the j-th sub-node p; using:
® _ .(P) —
R =1 (pjw;) = w; (5.6)

P) .

where the strength of the relation between the two nodes 7;; * is defined as 1, and the adaptation

ij

probability of the j-th sub-node p; is also defined as 1.
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. Ri(? in the actual product architecture:

A C-relation between the i-th node and the j-t4 node in the actual product architecture is calculated

by the strength of the relation between the two nodes 7

ij > the importance of the two nodes w; and

w;, and the adaptation probabilities of the two nodes p; and p; using:

Cc c
RS = 50 (pw; + pjw)) (5.7)

When both the i-th node and the j-th node are within the same module, the relation is then not
considered, since this C-relation doesn’t influence the adaptation of the product. When the i-th
node or the j-th node is from a module, the cost percentage and adaptation probability of the root

node for that module are used as importance and probability of the i-t4 node or the j-¢4 node.

The relations for the actual product architecture given in Figure 5.3(a) and the ideal segregated
product architecture given in Figure 5.3(b) are provided in Table 5.1 and Table 5.2, respectively.
The general product adaptability is obtained using Equation (5.4).

Table 5.1. Relations in the actual product architecture

i-j Nodes Relation Pi P; w; w; Ty RE; ) RE}“_)

D-D1 P-relation 0 0 1 0.4 1 0 -
DI1-A4 P-relation 0 0.3 0.4 0.1 1 0.03 -
D1-B1 P-relation 0 0 0.4 0.05 1 0 -
D1-C P-relation 0 0 0.4 0.25 1 0 -
C-Cl P-relation 0 0 0.25 0.15 1 0 -
C-C5 P-relation 0 0.3 0.25 0.1 1 0.03 -
D-D2 P-relation 0 0 1 0.6 1 0 -
D2-E P-relation 0 0 0.6 0.3 1 0 -
D2-F P-relation 0 1 0.6 0.3 1 0.3 -
E-El P-relation 0 0.45 0.3 0.1 1 0.045 -
E-E2 P-relation 0 0 0.3 0.2 1 0 -
E2-E5 P-relation 0 0.5 0.2 0.1 1 0.05 -
E2-E6 P-relation 0 0 0.2 0.1 1 0 -
F-F3 P-relation 1 0.5 0.3 0.2 1 0.1 -
F-F2 P-relation 1 0 0.3 0.1 1 0 -

E4-E5 C-relation 0.45 0.5 0.1 0.1 0.25 - 0.0237

F3-F2 C-relation 0.5 0 0.2 0.1 0.25 - 0.0250

Sum 0.555 0.0487
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Table 5.2. Relations in the ideal segregated product architecture

i-j Nodes Relation pi p; w; w; Ty Rg; ) RE‘?
D-Dl1 P-relation 1 1 1 0.4 1 0.4 -
D1-A4 P-relation 1 1 0.4 0.1 1 0.1 -
DI1-Bl1 P-relation 1 1 0.4 0.05 1 0.05 -
D1-C P-relation 1 1 0.4 0.25 1 0.25 -
C-Cl1 P-relation 1 1 0.25 0.15 1 0.15 -
C-C5 P-relation 1 1 0.25 0.1 1 0.1 -
C1-C3 P-relation 1 1 0.15 0.07 1 0.07 -
Cl1-C4 P-relation 1 1 0.15 0.08 1 0.08 -
D-D2 P-relation 1 1 1 0.6 1 0.6 -
D2-E P-relation 1 1 0.6 0.3 1 0.3 -
D2-F P-relation 1 1 0.6 0.3 1 0.3 -
E-El P-relation 1 1 0.3 0.1 1 0.1 -
E-E2 P-relation 1 1 0.3 0.2 1 0.2 -
E1-E3 P-relation 1 1 0.1 0.05 1 0.05 -
El1-E4 P-relation 1 1 0.1 0.05 1 0.05 -
E2-E5 P-relation 1 1 0.2 0.1 1 0.1 -
E2-E6 P-relation 1 1 0.2 0.1 1 0.1 -
F-F3 P-relation 1 1 0.3 0.2 1 0.2 -
F-F2 P-relation 1 1 0.3 0.1 1 0.1 -
Sum 3.30 -
0.555
G) — —
A 3.30 + 0.0487 0.165

The value of general product adaptability is between 0 and 1, where 0 indicates no adaptability
and 1 indicates the maximum adaptability (i.e., the product with the ideal segregated product

architecture).

5.3.4 Comparative studies

Our newly introduced general product adaptability measure has been compared with the
general product adaptability measure developed by Fletcher et al. (2009) using the three examples

shown in Figure 5.2. Table 5.3 shows the comparison results.

To obtain the general product adaptability measures using the method by Fletcher et al.
(2009), the following rules were used first to convert the 6 graphs shown in Figure 5.2.
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¢ All unadaptable design nodes were converted into adaptable design nodes.
e Design modules for grouping design nodes were deleted.

e Adaptation probabilities of all design nodes were assigned as 1s.

Table 5.3. Results from the comparative studies

(a). Dell Latitude laptop vs. MacBook Pro laptop

Method Method by Fletcher et al. (2009) Our New Method
Product Dell MacBook Dell MacBook
Y actual R 1 1 0.15 0
Lideal Ri(_ I;) 1 1 1 1
Y actual R 0.11 0.11 0.01 0
4@ 0.90 0.90 0.148 0
(b). HP LaserJet Pro printer vs. Samsung Xpress printer
Method Method by Fletcher et al. (2009) Our New Method
Product HP Samsung HP Samsung
Y actual R, 2.05 2.05 1.79 1.34
Yideal R 2.05 2.05 2.05 2.05
Yactual R 0.074 0.074 0.074 0.074
A©@ 0.97 0.97 0.84 0.63
(c). Galaxy Xcover 7 vs. iPhone 15
Method Method by Fletcher et al. (2009) Our New Method
Product Galaxy iPhone Galaxy iPhone
Y actual R 1 1 0.056 0.024
P
Zldeal Ri(, j) 1 1 1 1
C
ZActual Ri(,]') 0 0 0 0
A©@ 0.056 0.024

Using the method by Fletcher et al. (2009), the two products in each of the three comparison
cases were found to have the same general product adaptability values. Using our newly developed

method, we can reach the following conclusions.

e C(Case (a):

The Dell Latitude laptop has better general product adaptability, since the RAM and battery in
the Dell Latitude laptop can be upgraded or replaced, while the RAM and battery in the

MacBook Pro laptop are integrated into the motherboard and cannot be changed.
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e C(Case (b):

The HP LaserJet Pro printer has better general product adaptability, since the three color-toner
cartridges in the HP LaserJet Pro printer can be changed separately, while the three color-toner

cartridges in the Samsung Xpress printer are grouped as a module.

e (Case (¢):

The Galaxy Xcover 7 has better general product adaptability, since the battery of the Galaxy
Xcover 7 can be replaced by the user, while the battery of the iPhone 15 must be changed by

an Apple professional technician.

5.4. Process of Adaptable Product Design Considering the General Product Adaptability

The adaptable product design approach developed previously in Chapter 4 has also been
improved in this research, considering the three factors in product modelling: (1) adaptable nodes
and unadaptable nodes, (2) nodes in modules, and (3) probabilities of node adaptations. This new
general product adaptability evaluation method has been used to evaluate adaptable product design

candidates.

5.4.1. Modelling for adaptable product design

Changes of models for the design of an adaptable product are shown in Figure 5.5.

(a) Modelling of the generic product design

The generic product, considering all possible original design configurations and adapted design
configurations, is modelled by an AND-OR tree with connection relations, as shown in Figure
5.5(a). Nodes of the tree are used to define components and sub-assemblies. Design nodes are
classified into adaptable nodes and unadaptable nodes. The adaptable nodes are associated with
adaptation probabilities. Design nodes can be grouped into modules. A super-node and its sub-

node are linked by a parent-child relation (i.e., P-relation).
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(a). An AND-OR tree with connection relations considering alternative solutions of original design
configurations and adapted design configurations

(¢). A final solution with a specific original design configuration and a specific adapted design configuration

I:l Unadaptable design node A AND relation

EI Adaptable design node

OR-A relation

—» P-relation

)A\ OR relation

—— C(-relation

(1): Original product configuration
(2): Adapted product configuration
[n]: Adaptation probability

{m}: Strength of connection relation

Figure 5.5. Changes of models for design of an adaptable product



The relations among sub-nodes of a super-node are classified into three categories:
e AND relation: when all the sub-nodes are required to support the super-node,
e OR relation: when only one sub-node is required to support the super-node, and

o OR-A (ie., OR for adaptation) relation: when different sub-nodes are used for different

configurations of the product, considering product adaptation.
Two nodes can also be linked with a connection relation (i.e., C-relation).

Cases of product adaptation from the original design configurations to the adapted design

configurations modelled using the OR-A relations are shown in Figure 5.6.

1 ,// ‘\\\ (2 ] ’/ \\\ 2 1 ,/ \\\ 2

(a). Replacing an old node  (b). Adding a new node  (¢). Removing an old node

A
/ \

» o W OR-Arelation (1) Original design configuration
before product adaptation

) (2) Adapted design configuration
D Adaptable design node after product adaptation

Figure 5.6. Three cases for product adaptation modelled by OR-A relations

The generic product AND-OR tree, as shown in Figure 5.5(a), should satisfy the following

rules:

e For a super-node, when its sub-nodes are associated with an AND relation (e.g., Node F), a sub-

node can be either adaptable or unadaptable.

e For a super-node, when its sub-nodes are associated with an OR relation, if the super-node is
adaptable (e.g., Node F1), all the sub-nodes are adaptable. If the super-node is unadaptable (e.g.,
Node B), all the sub-nodes are unadaptable.

e For an adaptable super-node, when its sub-nodes are associated with an OR-A relation (e.g.,
Node A), all the sub-nodes should be adaptable for different product configurations, considering
product adaptation. An unadaptable super-node cannot have sub-nodes associated with an OR-

A relation.
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For nodes in a module, the super-node can be either adaptable (e.g., Node E1) or unadaptable
(e.g., Node C1), while the sub-nodes are always unadaptable. Only AND relations are used to

associate sub-nodes in a module.

Adaptable leaf nodes (e.g., Nodes F3 and E5) are assigned adaptation probabilities between 0
and 1, representing the chances that the nodes can be changed for product adaptation.

Unadaptable nodes (e.g., Node B1) are assigned adaptation probabilities of Os.

If a super-node and its sub-nodes form a module (e.g., Nodes E1, E3, and E4), the adaptation
probability of the super-node is selected as the adaptation probability of the whole module.

(b) Creation of a specific original design configuration with alternative solutions of the adapted

design configurations

Tree-based search is used to create specific original design configuration candidates from the

generic product design AND-OR tree. Figure 5.5(b) shows a specific original design configuration

created from the AND-OR tree given in Figure 5.5(a). The following rules are used to generate a

specific original design configuration with alternative solutions of the adapted design

configuration:

The root node should be selected first (e.g., Node D).

If the selected node has sub-nodes associated with an AND relation (e.g., Node D1), all these

sub-nodes should be selected.

If the selected node has sub-nodes associated with an OR relation (e.g., Node B) and the selected
node is not only in the original design configuration or the adapted design configuration, only

one sub-node should be selected.

If the selected node is an adaptable design node and its sub-nodes are associated with an OR-A

relation (e.g., Nodes A and C2), all the sub-nodes should be selected.

If the selected node is an adaptable design node for the original design configuration and its
sub-nodes are associated with an OR relation (e.g., Node Al), only one sub-node should be

selected.
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o If the selected node is an adaptable design node for the adapted design configuration and its
sub-nodes are associated with an OR relation (e.g., Node A2), all the sub-nodes should be

selected.

(c) Creation of the final solution with a specific original design configuration and a specific

adapted design configuration

Tree-based search is used further to create the final solution candidates. Figure 5.5(c) shows a
final solution created from the AND-OR tree given in Figure 5.5(b). The following rules are used
to generate a final solution with a specific original design configuration and a specific adapted

design configuration:
e The root node should be selected first (e.g., Node D).

e If the selected node has sub-nodes associated with an AND relation (e.g., Node D1), all these

sub-nodes should be selected.

e If the selected node is an adaptable design node and its sub-nodes are associated with an OR-A

relation (e.g., Nodes A and C2), all the sub-nodes should be selected.

e If the selected node is an adaptable design node for the adapted design configuration and its
sub-nodes are associated with an OR relation (e.g., Node A2), only one sub-node should be

selected.

From the final solution, the original design configuration before product adaptation and the
adapted product configuration after product adaptation are created. Figure 5.7 shows the original
design configuration and the adapted design configuration created from the AND-OR tree given
in Figure 5.5(c). The original design configuration and the adapted design configuration are created

based on the following rules.
e The root node should be selected first (e.g., Node D).

o If the selected node has sub-nodes associated with an AND relation (e.g., Node D1), all these

sub-nodes should be selected.

o [fthe selected node is an adaptable design node and its sub-nodes are associated with an OR-A
relation (e.g., Node A), only one sub-node for the original design configuration or the adapted

design configuration should be selected.
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e —————

[0] [O]J':{O.ZS} [0.5] [0] [0.5]

(b). The adapted design configuration
) . (1): Original design configuration
A AND relation I:l Unadaptable design node ——— P-relation (2): Adapted design configuration

ym———— ) . [n]: Adaptation probability
i___ i Module D Adaptable design node C-relation {m}: Strength of connection relation

Figure 5.7. The original design configuration and the adapted design configuration

5.4.2. Evaluation for adaptable product design

The different design solution candidates are evaluated such that the optimal design solution
can be identified to manufacture the physical product. In addition to the traditional evaluation
measures such as performance and cost, the general product adaptability is also used to evaluate

design candidates.
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5.4.2.1. Evaluation of the general product adaptability

In this work, the following two types of adaptable product designs are considered.

e Design of an adaptable product without specific adaptation requirements

For this type of design, evaluation of the general product adaptability is conducted, such that
the product can be easily changed in the operation stage to satisfy the new requirements, which

are unknown at the design stage.

Design of an adaptable product with specific adaptation requirements

For this type of design, both the specific product adaptability and the general product
adaptability are considered. The specific product adaptability is considered to achieve the
design of the adaptable product that can be changed to satisfy the specific requirements with
the lowest effort. The general product adaptability is considered to achieve the design of the
adaptable product that can be changed to satisfy other new requirements that are unknown at

the design stage.

Based on the above discussions, the general product adaptability is used to evaluate the original

product design configuration before the product adaptation, such that the product can be adapted

easily to satisfy the new requirements, which are unknown at the design stage. Since the original

product design configuration, as shown in Figure 5.7(a), is created from the generic AND-OR tree,

OR and OR-A relations may also be used for modelling this design configuration. Since the general

product adaptability is used to evaluate a design that is modelled only by a tree with AND relations

and connection relations, the original product design configuration created from the AND-OR tree

needs to be converted into a tree with only AND relations and connection relations. The following

rules are used for this conversion process, as shown in Figure 5.8.

The root node should be selected first (e.g., Node D).

If the selected super-node has sub-nodes associated with an AND relation (e.g., Node D1), all

these sub-nodes should be selected.

For a super-node with only one sub-node (e.g., Nodes A, B, and F1), the super-node and the P-

relation below the node should be deleted. If this super-node has a connection relation with
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another node (e.g., Node F1), the connection relation should be transferred from the super-node

to the sub-node.

53] 01 101, o3 ' [01 [0]_/{0.25}[0.5] [0] [0.5]

- ~ -

E4 [—[E5]

[0] (0], o1 (0] /%0.25}[0.5] [0]

il

The original design configuration with only AND relations and connection relations

A AND relation I:l Unadaptable design node —— P-relation  (1): Original design configuration

[n]: Adaptation probability
E"'"i Module D Adaptable design node {m}: Strength of connection relation

C-relation

Figure 5.8. Creation of the original product design configuration AND tree

For the original design configuration modelled by the AND tree as shown in Figure 5.8, it is
further changed to the actual product architecture as shown in Figure 5.3(a) by adding the

following descriptions.

e For an adaptable node without adaptation probability (e.g., Node F), its adaptation probability

is assigned 1.
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e For an unadaptable node (e.g., Node C), its adaptation probability is assigned 0.

e For each design node, its cost percentage in the whole product is calculated and used as the

importance of this design node.

5.4.2.2. The overall evaluation index

In addition to the general product adaptability, other evaluation measures such as performance
and cost are also used to evaluate the design solution candidate. Since each design node is
associated with design parameters, a design solution S; (i = 1,2,...,p) can be defined by the

parameters of all design nodes X;.

A feasible solution with its parameters is evaluated by m evaluation measures.
F=fiS)=fiX), i =12,.,pj=12.,m (5.8)

where F; represents an evaluation measure such as performance or cost, and f;() is the numerical

function to obtain F;.

Since different evaluation measures are usually defined by different units, these evaluation

measures F; are first converted into comparable evaluation indices [; between 0 and 1, representing

satisfaction levels in these evaluation aspects.

T=g(F)=g,(fX»), i = 1,2,..,p;j = 1,2,..,m (5.9)

where g;() is the numerical function to obtain I;.

Similar to Chapter 3 and Chapter 4, the method developed by Yang et al. (2006) is also used to
convert evaluation measures into evaluation indices in this research. First, data points considering
evaluation measures and their corresponding evaluation indices are obtained from customers
and/or engineers. A linear or a non-linear relationship between the evaluation measure and the
evaluation index is then defined by a polynomial function. The least-squares curve-fitting method

is subsequently used to obtain the coefficients of the polynomial function.

Then, all these evaluation indices are integrated for the evaluation of a design solution. The

overall evaluation index, I(X;), is defined by:
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W A@+I (W) W A@+IT (w;g;(f;(XD))
W)+ Zi, W W)+ Zi W

IX) = (5.10)

where W, represents the weighting factor of the general product adaptability, and W; represents

the weighting factor of the j-th evaluation index. When the overall evaluation index is used as the
objective function in optimization, the optimal adaptable product design process is then formulated
as a multi-objective optimization problem considering the trade-offs among different evaluation

measures, such as general product adaptability, performance, and cost.

5.4.3. Optimization for adaptable product design

The optimal solution is obtained through the multi-level optimization method (Xue 1997).

e Parameter optimization:

For asolution S; (i = 1,2, ...,p) with the original design configuration and the adapted design
configuration, parameter optimization is conducted to obtain the optimal values of these

parameters and the optimal evaluation index corresponding to these optimal parameter values

by:

max 1(X;) (5.11)

w.r.t. X

where X; represents the vector of parameter variables, and 1(X;) is the optimization objective
function to be maximized.
e Configuration optimization:

Each solution defined by its original design configuration and adapted design configuration is
evaluated by its optimal evaluation index obtained through parameter optimization. Among all

the solutions, the optimal one is achieved through configuration optimization by:

max 1(X;) (5.12)

w.r.t.S;

where 1(X}) is the optimal evaluation index corresponding to the optimal parameter values X; for

the i-th solution candidate S;. When the number of solutions is not large, the exhaustive method is
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used for configuration/parameter optimization. When the number is large, genetic programming

(Rao 2009) is employed for configuration/parameter optimization.

5.5. Case Studies

The adaptable product design method introduced in this research was used to develop case
studies to design an adaptable assistive device for individuals with disabilities. The general product
adaptability was used to evaluate the design candidates. Effectiveness of our method was
demonstrated by comparing the solutions achieved using the new method and the solutions

obtained using the traditional design method.

5.5.1. Requirements

The initial requirement was to design a device for an individual with quadruple amputation to
read an 1Pad independently with a stylus moving in X, Y, and Z directions through control using
the arm stumps of the individual. A new requirement was considered later on to rotate the iPad
about the X, Y, and Z axes in addition to the three translational motions of the stylus in the X, Y,
and Z directions. Another new requirement was subsequently considered to further improve the
assistive device to a robot with 6 axes to handle more tools to support various daily life activities,

such as reading an iPad or eating a meal with a fork. The various requirements are summarized in

Table 5.4.

Two case studies were implemented by using the different requirements for designing the

adaptable device and testing the design solution, as shown in Table 5.4.

e Case study 1: Design of an adaptable product without specific adaptation requirements

In this case study, only the original requirements O were used to design the original
configuration of the adaptable device, considering the general product adaptability. The
adaptation requirements A and B were used to modify the original configuration to the adapted
configurations and to obtain the adaptation costs to test the new adaptable product design

method.
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o Case study 2: Design of an adaptable product with specific adaptation requirements

In this case study, both the original requirements O and the adaptation requirements A were
used to design the original configuration and the adapted configuration of the adaptable device,
considering the general product adaptability. The adaptation requirements B were used to
modify the product from its original configuration or adapted configuration to a new adapted

configuration and to obtain the adaptation cost to test the new adaptable product design method.

Table 5.4. Requirements for the case studies

Requirement | Original Requirements: Adaptation Requirements: | Adaptation Requirements:
[0) A B
e Read iPad e Read iPad e Read iPad
e Translational motion of e Translational motion of the | e Eata meal with a fork
the stylus in X, Y, and Z stylusin X, Y, and Z e Translational motion of the
directions directions toolin X, Y,and Z
e Control of the motion ¢ Rotational motion of the directions
with arm stumps iPad about X, Y, and Z e Rotational motion of the
axes tool about X, Y, and Z axes
e Control of the motion with | e Control of the motion with
arm stumps arm stumps
Case Study 1 | e Used as known e Considered as unknown e Considered as unknown
requirements in design requirements and not used requirements and not used
in design in design
e Used to test the solution o Used to test the solution
obtained by the design obtained by the design
method method
Case Study 2 | e Used as known e Used as known e Considered as unknown
requirements in design requirements in design requirements and not used
in design
o Used to test the solution
obtained by the design
method

5.5.2. Case study 1: Design of an adaptable product without specific adaptation requirements

5.5.2.1. Design of the adaptable product

The adaptable device was designed to satisfy the original requirements O given in Table 5.4.
The device was composed of two sub-systems: the input sub-system to control the motion in X, Y,
and Z directions with force sensors operated using the residual limbs of the user, and the output
sub-system with beams to move the stylus in X, Y, and Z directions. The generic product design

AND-OR tree considering various design solutions is shown in Figure 5.9. The geometric shapes
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of the components, which are modelled by design nodes in the AND-OR tree, and explanations to

the functions of these components are provided in Figure 5.10 and Table 5.5, respectively.

Block Sensor 2
{0.2}

Input HI Input 2 |

[0.4]

| Globe Sensor 1 |

I:l Unadaptable design node

EI Adaptable design node

i Design module

L]
—— P-relation
—— C-relation

[n]: Adaptation probability
{m}: Strength of connection relation

| Sensor A .
Input 3 | (0.2} Globe Sensor 2 | AND relation
| Converter3 | [0.8] /\ OR relation
Head without ,’A‘\ )
Dovice Beam Y Interface ’/ $ OR-A relation
AxisY
Motion Y Head with
Interface
{’ —————————————
Block X 1 Toolholder 1
Axis X Top d TT1
Fe— Motion X : Stylus 1 [00]
utpus ——) - Toolholder
- ool an Manual
Link Toolholder Adapter
Axis Z Beam Z Toolholder
Motion Z Adapter
. 12 0z Amomatie
rame
[ Stylus?2 Adapter
[0.8]

Figure 5.9. The generic product AND-OR tree for design of the adaptable device

For the input sub-system, two types of sensors, the block sensors and the globe sensors, were
considered. Both the block sensors and the globe sensors could be used to get forces in X, Y, and
Z directions. The globe sensors could be adapted to obtain the rotational forces about X, Y, and Z
axes. The output voltage signals from the sensors were transformed into control signals of
translation motions in X, Y, and Z directions and rotational motions about X, Y, and Z axes (i.e.,

A, B, and C) through converters.
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(c). Frame and 3 axes (g). Toolholder and stylus module (h). Stylus

Figure 5.10. Fundamental units for design of the adaptable device
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Table 5.5. Components and their functions

Component

Function/Description

Block Sensor 1

e Capture forces in X, Y, and Z directions with output of 6 voltage signals

Connected with Converter 1 using hardwiring

Block Sensor 2

e Capture forces in X, Y, and Z directions with output of 6 voltage signals

Connected with Converter 2 using a standardized interface

Globe Sensor 1

e Capture forces in X, Y, and Z directions with output of 6 voltage signals

Can be adapted without the pre-manufactured spaces to also capture rotational forces about X,
Y, and Z axes, with output of 12 voltage signals
Connected with Converter 3 using a standardized interface

Globe Sensor 2

Capture forces in X, Y, and Z directions with output of 6 voltage signals

e Can be adapted with the pre-manufactured spaces to also capture rotational forces about X, Y,

and Z axes, with output of 12 voltage signals
Connected with Converter 3 using a standardized interface

Converter 1

o Convert input voltage signals into values of translational motions in X, Y, and Z directions

Connected with Block Sensor 1 using hardwiring

Converter 2

o Convert input voltage signals into values of translational motions in X, Y, and Z directions

Connected with Block Sensor 2 using a standardized interface

Converter 3

Convert input voltage signals into values of up to 6 motions, including 3 translational motions
in X, Y, and Z directions and 3 rotational motions about X, Y, and Z axes
Connected with either Globe Sensor 1 or Globe Sensor 2 using a standardized interface

Block X, Beam Y,

Major components with motions in X, Y, and Z directions

Beam Z
Frame Supporting structure for the motion mechanism
Motion X, Motion 'Y, Power and mechanisms to control the motions in X, Y, and Z directions
Motion Z
Head without Head at the end of Beam Z to connect the beam and the toolholder without digital
Interface communication between the beam and the toolholder
Head with Interface Head at the end of Beam Z to connect the beam and the toolholder with digital communication

between the beam and the toolholder

Toolholder 1

Toolholder to hold only Stylus 1

Stylus 1 Specific stylus with shape to be held by Toolholder 1
Toolholder Manual | e Toolholder to hold various tools with different shapes
Adapter o Manual changes of different tools by users
Toolholder Automatic | e Toolholder to hold various tools with different shapes
Adapter o Automatic changes of different tools by users through digital communication with the Head
Stylus 2 General stylus to be held by the toolholder adapter

For the output sub-system, motions in X, Y, and Z directions were obtained by Block X, Beam,

From the generic product design AND-OR tree shown in Figure 5.9, a total of 24 solutions

Y and Beam Z with motors and motion control mechanisms. The bottom of Beam Z was connected
to a head which was used to connect various toolholders and tools. Toolholders were used to hold

tools such as stylus and fork.

were created using the methods given in Section 5.4.1. By evaluating these solutions using the
general product adaptability, the best one with the highest general product adaptability value was
identified as shown in Figure 5.11. Geometric shapes of the components for this design are shown

in Figure 5.12(a).
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Figure 5.11. Adaptable design with the best general product adaptability

For this case study, since design parameter variables X;, evaluation measures £}, and evaluation

indices /; were not considered, the optimization objective function defined by Equation (5.10) was

changed as:
_ WAL (W)l) _ wia® _ A6 (5.13)
W) tEjE, W) W) |

The optimal adaptable product design solution considering the general product adaptability:

e Input Sub-system: Globe Sensor 2, Converter 3

e Output Sub-system: Frame, Block X, Motion X, Beam Y, Motion Y, Beam Z, Motion Z, Head
with Interface, Toolholder Automatic Adapter, Stylus 2

e General Product Adaptability: 0.2678
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(a). The optimal original product configuration (b). A mechanism with three rotational axes

—_—

(X,Y,Z,A,B,C) (X,Y,Z,A,B,C)

Original Configuration Configuration for Adaptation A Configuration for Adaptation B

(c). Partial views of the original and adapted product configurations

Figure 5.12. The optimal original product configuration and its adapted configurations

5.5.2.2. Product adaptations from the original product configuration

e Product adaptation considering adaptation requirements A

From the Adaptation Requirements A given in Table 5.4, a mechanism with 3 rotational axes,
as shown in Figure 5.12(b), was added to the output sub-system to control the orientation of the
iPad, and Globe Sensor 2 was adapted and Converter 3 was replaced by Converter 6 for the

input sub-system to obtain the control signals of the 6 motions, including the 3 translational
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motions in X, Y, and Z directions and the 3 rotational motions about X, Y, and Z axes. The

major components in the input and output sub-systems are shown in Figure 5.12(c).

e Product adaptation considering adaptation requirements B

From the Adaptation Requirements B given in Table 5.4, a mechanism with 3 rotational axes,
as shown in Figure 5.12(b), was added to the output sub-system to connect the head and the
toolholder to hold a fork, and Globe Sensor 2 was adapted and Converter 3 was replaced by
Converter 6 for the input sub-system to obtain the control signals of the 6 motions, including
the 3 translational motions in X, Y, and Z directions and the 3 rotational motions about X, Y,
and Z axes. The major components in the input and output sub-systems are shown in Figure

5.12(c).

5.5.2.3. Comparative study

The optimal adaptable product design solution obtained in Section 5.5.2.1, based on the general

product adaptability, was compared with the optimal traditional product design solution obtained

based on total component cost. First, from the 24 solutions, the best one with the lowest total

component cost was identified as:

The optimal traditional product design solution considering the total component cost:

Input Sub-system: Block Sensor 1, Converter 1

Output Sub-system: Frame, Block X, Motion X, Beam Y, Motion Y, Beam Z, Motion Z, Head
without Interface, Toolholder 1, Stylus 1

Total Cost: $2010

The optimal traditional product design solution with the lowest total component cost is shown

in Figure 5.13.
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Figure 5.13. Traditional design with the best total component cost
The original product configuration was adapted considering adaptation requirements.

e Product adaptation considering adaptation requirements A

From the Adaptation Requirements A given in Table 5.4, a mechanism with 3 rotational axes,
as shown in Figure 5.12(b), was added to the output sub-system to control the orientation of the
iPad, and the new components of Block Sensor 3 and Converter 4 were added to the input sub-

system to obtain the control signals of the additional 3 rotational motions about X, Y, and Z

axes.

e Product adaptation considering adaptation requirements B

From the Adaptation Requirements B given in Table 5.4, a mechanism with 3 rotational axes,
as shown in Figure 5.12(b), Toolholder 2, Specific Fork, and Communication Cables were
added to the output sub-system, and new components of Block Sensor 3 and Converter 4 were

added to the input sub-system to obtain the control signals of the additional 3 rotational motions

about X, Y, and Z axes.
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Comparison between the optimal adaptable product design solution obtained based on the
general product adaptability and the optimal traditional product design solution obtained based on
the total component cost, considering product adaptation scenarios, is shown in Table 5.6. From
the results, we can see that although the total component cost of the adaptable product design for
the original configuration was higher (i.e., $2270 for the best adaptable product design and $2010
for the best traditional product design), the component costs for its adaptations were lower (i.e.,
$1090 for the best adaptable product design and $1400 for the best traditional product design
considering Adaptation Requirements A, and $1095 for the best adaptable product design and
$1590 for the best traditional product design considering Adaptation Requirements B), and the
total component costs considering both the original configuration and the adapted configuration
were lower (i.e., $3360 for the best adaptable product design and $3410 for the best traditional
product design considering Adaptation Requirements A, and $3365 for the best adaptable product
design and $3600 for the best traditional product design considering Adaptation Requirements B).
Therefore, the adaptable design method considering general product adaptability is effective in

reducing the costs, considering future product adaptations.

Table 5.6. Results of comparative study for Case Study 1

Designs and Comparison Best Adaptable Best Traditional Comparison
Design Design
Original Product Objective Function General Product Total Component
Configuration O Adaptability Cost
General Product Adaptability 0.2678 0.1266 +0.1412

Total Component Cost $2270 $2010 +$260
Adapted Product Adaptation Cost $1090 $1400 -$310
Configuration A [ T¢a] Component Cost $3360 $3410 -$50
Adapted Product Adaptation Cost $1095 $1590 -$495
Configuration B Total Component Cost $3365 $3600 -$235

5.5.3. Case study 2: Design of an adaptable product with specific adaptation requirements

For this case study, both the Original Requirements O and the Adaptation Requirements A
were considered for design of the original configuration and the adapted configuration of the
adaptable product design. The generic product design considering all possible original
configurations and adapted configurations was modelled by an AND-OR tree, as shown in Figure

5.14.
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Figure 5.14. Generic AND-OR tree considering Original Requirements O and Adaptation Requirements A
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From this generic AND-OR tree, 24 solutions were created through tree-based search, and each
solution was defined by its original configuration and adapted configuration. By evaluating these
solutions using the general product adaptability and the total component cost, respectively, the
optimal adaptable product design solution and the optimal traditional product design solution were

obtained, as shown in Figure 5.15 and Figure 5.16.
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Figure 5.15. Adaptable design with the best general product adaptability
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Figure 5.16. Traditional design with the best total component cost

The optimal adaptable product design solution considering the general product adaptability:

e The Original Configuration: Globe Sensor 2, Converter 3, Frame, Block X, Motion X, Beam Y,
Motion Y, Beam Z, Motion Z, Head with Interface, Toolholder Automatic Adapter, Stylus 2

e The Adapted Configuration: The mechanism with 3 rotational axes was added, Globe Sensor 2
was adapted and Converter 3 was replaced by Converter 6 to obtain the control signals of the 6

translational/rotational motions.
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The optimal traditional product design solution considering the total component cost:

e The Original Configuration: Globe Sensor 2, Converter 3, Frame, Block X, Motion X, Beam Y,
Motion Y, Beam Z, Motion Z, Head without Interface, Toolholder 1, Stylus 1

e The Adapted Configuration: The mechanism with 3 rotational axes was added, Globe Sensor 2
was adapted and Converter 3 was replaced by Converter 6 to obtain the control signals of the 6

translational/rotational motions.

These optimal product designs were adapted based on the Adaptation Requirements B given

in Table 5.4.

e Product adaptation from the optimal adaptable product

The mechanism with three rotational axes was removed from the iPad support and used to

connect the head with the toolholder to hold a new General Fork.

e Product adaptation from the optimal traditional product

Toolholder 2, Specific Fork, and Communication Cables were added, and the mechanism with
three rotational axes was removed from the iPad support and used to connect the head with the

new Toolholder 2 to hold Specific Fork.

Comparison between the optimal adaptable product design solution obtained based on the
general product adaptability and the optimal traditional product design solution obtained based on
the total component cost, considering product adaptation scenarios, is shown in Table 5.7. From
the results, we can see that even for the optimal design, considering both the original product
configuration and the adapted product configuration, evaluation of the general product adaptability
can be used to further improve the product adaptability (i.e., 0.2678 for the best adaptable product
design and 0.2452 for the best traditional product design), considering the future known adaptation
requirements. In addition, we can see that although the total component cost of the adaptable
product design considering the original configuration and the adapted configuration A was higher
(i.e., $3360 for the best adaptable product design and $3230 for the best traditional product design),
the component cost for its adaptation to configuration B was lower (i.e., $5 for the best adaptable
product design and $190 for the best traditional product design), and the total component cost

considering the original configuration, the adapted configuration A, and the adapted configuration
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B was lower (i.e., $3365 for the best adaptable product design and $3420 for the best traditional

product design).
Table 5.7. Results of comparative study for Case Study 2
Designs and Comparison Best Adaptable Best Traditional Comparison
Design Design
Original Product Objective Function General Product Total Component
Configuration O and Adaptability Cost
Adapted Product [Geperal Product Adaptability 0.2678 0.2452 +0.0226
Configuration A
Total Component Cost $3360 $3230 $130
Adapted Product Adaptation Cost $5 $190 -$185
Configuration B Total Component Cost $3365 $3420 -$55

5.6. Summary

In this research, a method to evaluate the general product adaptability considering the three
influencing factors of adaptable nodes and unadaptable nodes, nodes in modules, and probabilities
of node adaptations has been developed. The developed new evaluation measure has been
employed in the development of a new adaptable product design approach, considering cases
without or with specific requirements at the design stage for product adaptations. Case studies
were developed to design an adaptable assistive device for individuals with disabilities. The
general product adaptability was used to evaluate the design candidates. Effectiveness of the
developed method was demonstrated by comparing the solutions achieved using the new method

and the solutions obtained using the traditional design method.
Conclusions of this research are summarized as follows.

(1) Compared with the method developed by Fletcher et al. (2009), the new method to evaluate
the general product adaptability works better when influencing factors of adaptable nodes and

unadaptable nodes, nodes in modules, and probabilities of node adaptations are considered.

(2) By integrating the results achieved in the previous research (Martinez and Xue 2018; Saad
and Xue 2024; Deabae and Xue 2025), the new adaptable product design approach is effective
for modelling, evaluation and optimization considering adaptable nodes and unadaptable

nodes, nodes in modules, and probabilities of node adaptations.
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(3) The developed method is effective to identify the optimal design with the best general product
adaptability considering both cases without specific adaptation requirements (i.e., general
adaptation requirements) and cases with specific adaptation requirements for reducing the

costs due to product adaptations.
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Chapter 6. Conclusions and Future Work

In this chapter, the summary and contributions of the research on the optimal design of
adaptable products through integrated modelling, evaluation, and optimization are presented first.

The future work is then provided to discuss the challenges and research directions.

6.1. Research Summary

The objective for the design of adaptable products is to reduce the time and cost of product
adaptation in the operation stages to satisfy new requirements. In this research, an approach for
the design of adaptable products is developed through integrated modelling, evaluation and
optimization. First, adaptation processes have been considered in addition to product design
configurations for the design of adaptable products. A new method has been introduced to improve
optimization efficiency for optimal design of adaptable products when large numbers of the
adapted product design configuration candidates and the product adaptation process candidates are
considered, as explained in Chapter 3. Second, a new approach has been developed for the design
of new adaptable products, which can be easily changed during their operation stages, considering
multiple alternatives of the original design configurations, the adapted design configurations, and
the product adaptation processes, as explained in Chapter 4. Third, an approach has been
introduced to evaluate the general product adaptability when product adaptation requirements are
not given at the design stage, considering the influencing factors of adaptable and unadaptable

nodes, nodes in modules, and adaptation probabilities of nodes, as explained in Chapter 5.

(1) An approach to improve optimization efficiency for the identification of the optimal adapted
product design configuration and the optimal adaptation process by initial evaluation of

information quality in branches of the AND-OR tree based on information entropy

In this research, a new optimization approach to identify the adapted product design
configuration and the product adaptation process was developed with an initial evaluation of
information quality in branches of the AND-OR tree based on information entropy. In this
approach, the design of an existing product was defined by an AND tree with adaptable and
unadaptable design nodes. Then, the generic design considering multiple solutions of the adapted
product design after adaptation and the product adaptation process was modelled by an AND-OR

tree with design and process nodes through modification of the existing product design AND tree
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(e.g., addition/removal of adaptable design nodes, and addition of process nodes). Design and
process nodes were further associated with design and process parameters. From the generic AND-
OR tree, multiple adapted design solution candidates and adaptation process solution candidates
were created through tree-based search. An evaluation scheme was then presented to evaluate both
the adapted product design configurations and the product adaptation processes through multiple
evaluation measures described in different units. In this evaluation method, evaluation measures
were converted into comparable evaluation indices and then integrated into an overall evaluation
index. Since the resulting solution space can be large when both product design candidates and
adaptation process candidates are considered in the optimization process to identify the best
solution, the computation efficiency has to be considered such that the optimal solution can be
achieved within the required computation time period. In this research, information entropy was
employed to evaluate the information quality of partial configuration/process candidates modelled
as branches in the AND-OR tree to eliminate the branches that are unlikely to lead to the optimal
solution for improvement of the optimization efficiency. Finally, optimization to identify the best
adapted design configuration and adaptation process was conducted at two levels:
configuration/process optimization level to identify the optimal adapted design configuration and
the optimal adaptation process, and the parameter optimization level to identify the optimal
parameter values of product configuration and adaptation process. A numerical example and an
engineering application were developed to demonstrate the effectiveness of the newly introduced

approach.

(2) An approach for the design of new adaptable products considering the original design
configurations before adaptation, the adapted design configurations after adaptation, and the

adaptation processes

In this research, a framework for the identification of the optimal original design configuration,
adapted design configuration, and product adaptation process was developed to integrate both the
tasks of design for adaptation of an existing product and the tasks for design of a new adaptable
product into the same environment. An appropriate procedure was then developed for the design
of new adaptable products, that can be easily changed during their operation stages. In this
procedure, first, the generic adaptable product design considering alternative solutions of the

original product design configurations, the adapted product design configurations, and the product
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adaptation processes was modelled by an AND-OR tree. Nodes of this tree were defined by
unadaptable design nodes, adaptable design nodes, and adaptation process nodes. Design and
process nodes were further associated with design and process parameters. Design modules (i.e.,
a collection of grouped design nodes) were also considered in the AND-OR tree. Sub-nodes of a
super-node were associated with three types of relations: AND relation, OR relation, and OR-A
relation. From the generic AND-OR tree, multiple original design solution candidates, adapted
design solution candidates, and adaptation process solution candidates were created through tree-
based search. Each solution with a specific original design configuration, a specific adapted design
configuration, and a specific adaptation process was further defined by its parameters, including
parameters for the original design configuration, parameters for the adapted design configuration,
and parameters for the adaptation process. Then, multiple evaluation measures, such as
performance and cost, were used to evaluate each solution candidate. Similar to the previous
research, these evaluation measures were converted into comparable evaluation indices and then
integrated into an overall evaluation index. Finally, the optimal solution with the original design
configuration, the adapted design configuration, the adaptation process, and configuration/process
parameters was obtained through the two-level optimization (i.e., configuration/process
optimization and parameter optimization) method. This new method was employed for the design

of an adaptable vehicle for easy conversion from its ICE configuration to its EV configuration.

(3) An approach to evaluate the general product adaptability for the design of adaptable products

considering influencing factors

The objective of this research was to improve the method for evaluating the general product
adaptability developed in the literature by considering various factors that influence the general
product adaptability. In this method, in addition to the general product adaptability defined by
comparison between the actual product architecture and its ideal segregated product architecture,
influences of adaptable and unadaptable components/sub-assemblies, components/sub-assemblies
in modules, and uncertainties of components/sub-assemblies in product adaptation were also
considered for evaluation of the general product adaptability. In this method, first, the design
solution with the actual product architecture was modelled primarily by a tree with AND relations.
In this tree, each node was associated with its cost percentage, representing its importance in the

whole product. The relations between two nodes were classified into two categories: P-relations
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and C-relations. When C-relations were considered, the actual product architecture was defined by
a graph. From the actual product architecture, an ideal segregated product architecture,
representing an ideal adaptable product, was created by converting all the unadaptable nodes into
adaptable nodes with adaptation probabilities assigned as 1s, deleting modules, and deleting the
C-relations. Then, the method to calculate the general product adaptability considering the actual
product architecture and the ideal segregated product architecture was developed. The developed
new evaluation measure has been employed in the development of a new adaptable product design
approach, considering cases without or with specific requirements for product adaptations at the
design stage. In this research, the modelling scheme developed previously for the design of new
adaptable products has been improved by considering the three factors in product modelling: (1)
adaptable nodes and unadaptable nodes, (2) nodes in modules, and (3) probabilities of node
adaptations. The generic product, considering all possible original design configurations and
adapted design configurations, was modelled by an AND-OR tree with connection relations.
Design nodes were classified into adaptable nodes and unadaptable nodes. The adaptable nodes
were associated with adaptation probabilities between 0 and 1. Nodes in modules were also
considered. Tree-based search was used to create the original design configuration candidates and
the adapted design configuration candidates. Design solutions were evaluated using the developed
general product adaptability measure for the identification of the best solution. Case studies have
also been implemented for the design of an adaptable device, considering cases without or with

specific product adaptation requirements.

6.2. Research Contributions

The overall contribution of this research is the development of an approach for adaptable

product design through integrated modelling, evaluation, and optimization.
The contributions of the developed approach are in the following three aspects.

¢ A method to improve optimization efficiency for identification of the optimal adapted product
design and the optimal product adaptation process by initial evaluation of information quality

in branches of the AND-OR tree based on information entropy
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e A method for the design of new adaptable products considering the original design
configurations before adaptation, the adapted design configurations after adaptation, and the

adaptation processes

e A method to evaluate the general product adaptability by considering various factors that

influence the general product adaptability for the design of adaptable products

(1) A new method to improve optimization efficiency for identification of the optimal adapted
product design configuration and the optimal product adaptation process by initial evaluation

of information quality in branches of the AND-OR tree based on information entropy

As discussed in Chapter 2, in the existing methods for modelling, evaluation, and optimization
for the design of adaptable products, only product configurations were considered to identify the
optimal design solutions. However, efforts required for adaptation processes can also have
significant influence on the overall cost of product adaptation. When both design solution
candidates and adaptation process candidates are considered for the design of an adaptable product,
the size of the solution space may grow significantly, and the optimization efficiency needs to be
improved. To overcome these limitations, a new method to improve optimization efficiency has
been developed for the identification of the optimal adapted design configuration and the optimal
product adaptation process by initial evaluation of information quality in branches of the AND-

OR tree based on information entropy.
The contributions of this research are summarized as follows.

e The product adaptation process has been considered for the first time in addition to the design

of the adaptable products.

¢ Information entropy has been used to evaluate information quality in branches of the AND-OR

tree for improving optimization efficiency by pruning the branches with less useful information.

e Methods to calculate information entropy of AND-OR tree have been developed through
studies on the relations among entropy measures of nodes with AND relations and OR relations

in the AND-OR tree.

e A systematic procedure for adaptation of an existing product has been developed for the

identification of the optimal adapted design and its adaptation process considering multiple
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candidates of the product configurations, the adaptation processes, and the parameters of

configuration/process.

(2) A new method for the design of new adaptable products considering the original design
configurations before adaptation, the adapted design configurations after adaptation, and the

adaptation processes

In the current methods of adaptable product design, the tasks for adaptation of existing products
and the tasks for the design of new adaptable products that can be easily changed during their
utilization stages have never been integrated in the same environment. There is also a lack of a
systematic procedure for the design of new adaptable products. To overcome these limitations, a
new method has been developed for the design of new adaptable products considering the original
design configurations before adaptation, the adapted design configurations after adaptation, and

the adaptation processes.
The contributions of this research are summarized as follows.

e A framework has been developed to integrate the tasks for adaptation of existing products and

the tasks for the design of new adaptable products in the same environment.

e A modelling scheme has been developed to describe different candidates for the original
product configurations, the adapted product configurations, the adaptation processes, and the

configuration/process parameters using an AND-OR tree.

e A systematic procedure has been developed for the identification of the optimal solution with
the original design configuration, the adapted design configuration, the adaptation process, and

the configuration/process parameters for the design of a new adaptable product.

(3) A method to evaluate the general product adaptability by considering various factors that

influence the general product adaptability for the design of adaptable products

In many cases, adaptation requirements may not be given during the design stage. General
product adaptability is a measure to evaluate product adaptability without given product adaptation
requirements. In the general product adaptability approach introduced in the literature (Fletcher et
al. 2009), key factors that can significantly influence the general product adaptability have not

been considered. To overcome these limitations, a method has been developed in this thesis to
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improve the general product adaptability measure developed by Fletcher et al. (2009) considering
the influences of adaptable and unadaptable components/sub-assemblies, components/sub-

assemblies in modules, and uncertainties of components/sub-assemblies in product adaptation.

The contributions of this research are summarized as follows.

A method has been developed to define the AND tree of the actual product architecture
considering adaptable design nodes and unadaptable design nodes, design nodes in modules,
and adaptation probabilities of design nodes. A method to define the ideal segregated product

architecture AND tree has also been developed.

e A modelling method has been developed to define the generic product AND-OR tree with
multiple solution candidates considering adaptable design nodes and unadaptable design nodes,

design nodes in modules, and adaptation probabilities of design nodes.

¢ A method has been developed to evaluate the general product adaptability of a design candidate
solution considering the influence of adaptable and unadaptable nodes, design nodes in

modules, and adaptation probabilities of design nodes.

e A systematic procedure has been developed for the identification of the optimal adaptable
product design with the best general product adaptability considering the influence of adaptable
and unadaptable nodes, design nodes in modules, and adaptation probabilities of design nodes,
considering cases without specific adaptation requirements and cases with specific adaptation

requirements for reducing the costs due to product adaptations.

6.3. Future Work

Despite the effectiveness of the developed approach for the design of adaptable products
through integrated modelling, evaluation, and optimization, a number of issues need to be further

addressed in our future research. The major issues are summarized as follows.

(1) Development of industrial applications using the developed approach is required

While the effectiveness of the proposed methods in this research was validated through case
studies, further work is required to demonstrate their effectiveness in real-world industrial

applications. Industrial products such as vehicles, consumer electronics, and large-scale machinery
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involve thousands of components, multiple adaptation possibilities, and complex lifecycle
constraints. Applying the developed approaches to such products would verify the practicality of
the developed methods and highlight potential challenges in data availability, computational
efficiency, and integration with existing design workflows. By developing full-scale industrial
applications, the research can move beyond academic case studies to establish tangible benefits in

cost reduction, product longevity, and sustainable engineering practices.

(2) An effective computer environment is needed for the optimal design of adaptable products

The methods proposed in this thesis provide theoretical foundations for modelling, evaluation,
and optimization in adaptable product design. However, their practical applications would benefit
greatly from the development of a dedicated computer environment that integrates these methods
into a user-friendly and computationally efficient system. In this system, both product
configurations and adaptation processes should be considered, enabling designers to model
complex systems, generate design and process alternatives, and evaluate the product adaptability

measures seamlessly.

Future work should therefore focus on implementing the AND-OR tree modelling method,
adaptability evaluation measures, and multi-level optimization models into a comprehensive
software tool. Ideally, this environment should be compatible with the existing computer-aided
design (CAD) and product lifecycle management (PLM) systems. Additional features such as
automated branch pruning based on the information entropy method, and integration of multi-
objective trade-offs (e.g., cost vs. performance, adaptability vs. complexity) would further enhance
the usability of the software tools. Such a computer environment would serve as a bridge between
the theoretical methods developed in this thesis and their large-scale deployment in industrial

design practice.

(3) Product adaptations across multiple lifecycle stages should be considered

In this research, product adaptation was primarily modelled as a single conversion from an
original design configuration to an adapted design configuration. However, in real-world practice,
products may undergo multiple successive adaptations over their lifecycle as technologies,

customer needs, and regulations continue to evolve.
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Future work should therefore focus on developing methods of modelling, evaluation, and
optimization for product adaptation across multiple stages of a product’s lifespan. Such an
approach would not only evaluate the cost and feasibility of a single adaptation but also anticipate
how one adaptation influences future adaptation opportunities. Replacing a major module in the
first adaptation may either enable or constrain later changes. For instance, when converting an ICE
car into an EV, the designer may choose to replace the fuel tank with a fixed battery pack that
exactly fits into the existing tank space. If the battery pack is designed with modular slots or
standardized connections, the car can be adapted again later by upgrading to higher-capacity
batteries or swapping in new battery technologies. If the battery is permanently fixed and custom-

shaped only for the initial conversion, future upgrades become very difficult.

By extending the developed methods to capture sequential product adaptations, designers
could identify long-term strategies that maximize product adaptability across the entire lifecycle,

ensuring sustained competitiveness of products in rapidly changing markets.
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