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Abstract Introduced nearly 25 years ago, the paradigm

of mass customization (MC) has largely not lived up to its

promise. Despite great strides in information technology,

engineering design practice and manufacturing production,

the necessary process innovations that can produce prod-

ucts and systems with sufficient customization and eco-

nomic efficiency have yet to be found in wide application.

In this paper, the state-of-the-art in MC is explored in the

context of an envisioned MC development process for both

the firm and the customer. Specifically, 130 references are

reviewed within the process frameworks (Sect. 3) and/or to

highlight opportunities for future development in MC

(Sect. 4) based on the review. This review yields oppor-

tunities in four primary areas that challenge MC develop-

ment: (1) customer needs and preference assessment tools,

(2) approaches for requirement specification and concep-

tual design, (3) insights from methodologies focused on the

development of durable MC goods and (4) enhancements

in information mapping and handling.

Keywords Mass customization � Collaborative

design � Design process � Marketing � Engineering �
Distribution � Product platforms � Product families �
Reconfigurable design � Discrete choice

1 Introduction and motivation

The concept of mass customization (MC) was put forth by

Davis (1987) nearly 25 years ago. Yet, despite great strides

in information technology, engineering design practice and

manufacturing production—all components necessary to

make the paradigm realizable—MC has largely not lived

up to its promise. There are a few examples of successful

mass customization implementations (e.g., Dell offers

customization of their computers), but these are largely

limited to systems where the existing, dominant product

architecture enables MC to be viable. Some of these MC

offerings also only occur at higher price points [e.g., Trek’s

Project One starts at $6,500 dollars (Trek Bicycle Corpo-

ration 2013)]. It is possible to find more examples of MC

when looking at service industries (e.g., web services) and

textiles or clothing. However, when looking toward durable

goods (e.g., automotive, consumer appliances), it is diffi-

cult to find wide spread application of MC. It is from this

perspective of durable good development that we approach

this investigation.

In an article by Zipkin (1997) regarding limitations of

MC, the paradigm is considered more ‘‘buzz’’ than viable

product development model. This perspective is an

important one as the reality is that MC is not likely to work

for every company for varied reasons. Zipkin points to a

few key challenges, including (1) difficulty in eliciting

individual needs and preferences from consumers that lead

to meaningful customization, (2) elicitation methods and
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configuration mechanisms that support customization

without overwhelming the consumer with options, (3)

production methods and knowledge flexible enough to

provide customization on multiple attributes and dimen-

sions, and (4) producing and delivering products for an

individual in a mass production facility.

The fundamental interest in this research is to under-

stand why the paradigm has stalled; is it just ‘‘buzz,’’ as

Zipkin implies, or are there fundamental aspects of the MC

product development model that are not addressed by the

current research? Increased global competition from the

emerging economies in developing nations, and the

increasingly fickle consumer looking for variation and

individualized products, had led many researchers and

companies to agree that an economic motivation for MC

exists (Gilmore and Pine 2000). However, the necessary

process innovations that can produce products and systems

with sufficient customization and economic efficiency to

match these market drivers have yet to be found in wide

application. In this paper, the state-of-the-art in MC is

explored in order to identify where opportunities in the

paradigm exist.

In utilizing the term ‘‘mass customization,’’ it is critical

to provide a basis for what that term means in the context

of this paper. Semantically, the concept of MC is a

method to provide consumers with custom goods (and

services) at prices consistent with mass production. As

defined by Davis (1987), MC is a paradigm that would

provide consumers ‘‘exactly what they want when they

want it.’’ This view of MC sounds like a Star Trek

‘‘replicator’’ and is an extreme view that current tech-

nology could not produce. However, the spirit of the

Davis definition is that the form and function of products

should be in exact accordance with the needs and pref-

erences of each individual.

For this paper, the type of MC that we are interested in is

in line with the spirit of Davis’ definition. As such, the

definition setting the context and perspective for this

research is that MC is a product development approach

that allows for the creation of goods that minimize the

trade-off between the ideal product and the available

product by fulfilling the needs and preferences of individ-

uals functionally, emotionally and anthropometrically,

while maintaining system costs comparable to mass pro-

duced products. This definition also agrees with that of

Piller (2004), who suggest that there are three types of

customization: style (emotional), fit and comfort (anthro-

pometric) and performance (functional).

Another critical element of discussion, again in

agreement with Piller (2004), is that MC is defined by a

fixed solution space. This is different than traditional craft

customization, which has a theoretically unlimited num-

ber of solutions. It is recognized that for MC to be

economically viable today, a finite solution space is a

fundamental assumption—at least until the replicator

becomes a reality.

Finally, the view of MC taken here has one other key

parameter; the product is not fabricated until the customer

places an order. For example, this definition eliminates a

predefined product family, but allows for platform-based

customization. Ordering a Dell computer is an example of

MC—one which relies on modularity. On the other hand,

purchasing a car with a particular option package is not

MC—even though the consumer may need to wait for the

car to be delivered. This final qualification for MC ensures

that MC must rely on strategies, practices and technologies

like ‘‘build-to-order,’’ ‘‘assemble-to-order,’’ modularity,

reconfigurability/flexibility, agile/flexible manufacturing

and rapid prototyping (3D printing, CNC) in customizing

and delivering the final good.

These three parameters of MC in application create a

basis for developing a product development framework to

support rigorous design decision making during the product

development process. Specifically, the need to minimize

the trade-off between ideal and available product for each

customer coupled with a fixed solution space implies the

need to create a multi-space model of product preference,

representing consumer choice parameters that is connected

to the technical parameters over which designers make

decisions.

This paper supports the belief that MC is a realizable

paradigm for the design and delivery of many products and

systems, which must satisfy heterogeneous markets and

market segments. It has the potential to emerge as one of

the dominant design paradigms. Yet, the expansion of the

MC paradigm is dependent on developing rigorous models

and tools that support designers throughout the MC product

development process. This will be critical to overcoming

the challenges highlighted by Zipkin, which any company

considering MC would have to work through.

This paper presents a review of literature related to mass

customization, which is presented in the context of a pro-

posed MC product development framework. The frame-

work is introduced and described in Sect. 3. Section 4

provides conclusions and suggestions for future work

critical to operationalizing the proposed framework in a

way that leverages the MC research developments in recent

years. The following section details the approach followed

in our review.

2 Literature review methodology

The methodology used in this research is a review of the

literature since 2000. This can be a daunting task as the

term ‘‘mass customization’’ returns plenty of results in
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most search engines whether they are internet-wide (e.g.,

Google) or journal database specific. For example, a search

for the term ‘‘mass customization’’ in Google returns

747,000 results for the web and 29,200 results in Google

Scholar (as of May 2013). Similarly, searching databases of

archived journals like ScienceDirect and the ISI Web of

Knowledge return 1,039 and 740 results, respectively.

Given the ubiquitous existence of the MC topic, a spe-

cific framework to guide the search for literature on MC

was devised. That framework considers the detailed stages

of the design process broadly divided into three catego-

ries—marketing, engineering and distribution. While these

broad categorizations could be applied to traditional

products, these categories align well with the development

and delivery of mass-customized products in practice. That

is, for a company to master MC, they must be proficient in:

(1) understanding individual needs (marketing); (2)

developing products/systems robust enough to adapt to

consumer differences (engineering); and (3) managing

supply chains to support flexible manufacturing and/or

assembly and timely delivery of final customized goods

(distribution).

Based on this framework, a literature search spanning

these categories was conducted using a number of journals.

Papers were identified by searching each journal for the

terms ‘‘customization’’ or ‘‘mass customization.’’ The

results returned were then skimmed briefly, or their

abstracts reviewed, to ensure that the content of the paper

indeed had some relation, directly or indirectly, to MC.

Targeted journals were selected based on our familiarity

with them as good sources of design-related information

that could be aligned with the three domains (marketing,

engineering, distribution); we expected to find state-of-the-

art information on the topic of MC. Specific journals tar-

geted in our search that represent significant sources of

references include AI EDAM (8 papers), Concurrent

Engineering (13), Expert Systems with Applications (12),

International Journal of Computer Integrated Manufactur-

ing (11), International Journal of Production Economics

(12), Journal of Consumer Marketing (3), Journal of

Manufacturing Technology Management (4), Journal of

Marketing Research (2), Journal of Intelligent Manufac-

turing (10) and Journal of Product Innovation Management

(4). Additional papers that fell outside of these primary

resources were also included, as suggested by colleagues

and reviewers, from sources like Journal of Engineering

Design, International Journal of Mass Customization and

Research in Engineering Design.

In total, 130 papers specific to MC (or closely related

topics) are reviewed; however, it is not suggested that this

review of the literature is exhaustive. Rather, it is repre-

sentative of work important to the MC domain, which can

be linked to specific stages of the design process—

governed by the domains of marketing, engineering and

distribution—as will be detailed in Sect. 3. It is also worth

pointing out that this review works as a complement to a

recent MC review by Fogliatto et al. (2012) which overlaps

on some references.

To bring a level of formalism to the review and

encourage consistency across the review team, six ques-

tions were developed. These questions are general in that

they could, for the most part, be applied across the cate-

gories to all the papers reviewed. It is not the goal to review

each paper with respect to these questions, but the ques-

tions did aid in drawing out specific findings that can be

related to the design process for MC in general. These

questions are the following:

1. Is the methodology described in the paper intended to

support MC directly? If not, does the methodology

described have clear implications for MC?

2. Does the paper focus on quantifying the effects of

implementing a MC methodology?

3. Does the paper describe specific information inputs for

the methodology? What is the source of the informa-

tion (e.g., consumer or engineer)?

4. Does the paper describe specific information outputs

for the methodology? What is this information used

for?

5. Are there any MC specific metrics described in the

paper? Are equations used to represent these metrics?

How useful are these metrics?

6. Are there significant barriers to implementation of the

MC method presented? What are they?

The purpose of question one and two is to establish the

fundamental motivation of the work being reviewed. In the

case of question one, research results provide specific

approaches to supporting MC across the three domains of

interest (marketing, engineering and distribution). Litera-

ture motivated by question two, on the other hand, is likely

to provide evidence regarding the effects (positive or

negative) of implementing MC across a particular industry,

identify best practice for MC techniques and/or provide

paths for further research efforts by identifying specific

challenges in MC (e.g., the role of the consumer perspec-

tive of MC).

Question three is rooted in a desire to understand the

form and origin of information that serves as an input to a

specific methodology. The interest is to understand how

information requirements for MC approaches might differ

from other design methods and to see how information

varies across the design domains. Question four is a com-

plement to question three and is focused on understanding

how information outputs from various MC methods differ

from traditional design methods and across the three design

domains. It is important to understand information inputs

Res Eng Design (2014) 25:11–30 13
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and outputs because the alignment of such information

flows is critical to execution of a successful MC design

process, especially where inter-domain flows are likely or

necessary.

Question five looks to document any metrics that have

been developed through MC research. Metrics should be

critical drivers that facilitate operationalizing the MC

paradigm. Documenting metrics and understanding how

they relate to various information inputs/outputs is of

particular interest in this work.

Finally, question six works to quantify barriers that

might impact the ability to implement a specific method-

ology or the MC paradigm as a whole. These barriers could

be identified by the authors of the reviewed works or may

be barriers identified by the authors of this paper. This type

of information is critical to understand critical challenges

that must be overcome and identify future areas of

research.

Answering these questions during the review of each

paper was intended to provide insights into the addi-

tional complexity that MC brings to the product devel-

opment process. A working assumption at the beginning

of the review was that these papers would highlight the

need for methods capable of bridging aspects of the

development process beyond—and in addition to—cur-

rent advances in IT, design practice and manufacturing

capability. That is, an effective MC design process

requires an intimacy between aspects of the develop-

ment process that is not currently necessary in tradi-

tional product development if economies of scale are to

be maintained despite lower minimum production

quantities, as suggested by Bardakci and Whitelock

(2003). For example, the use of four objectives by Yao

and Liu (2009) that draw on information from within

the firm and from the consumer signifies the additional

types of information that must be collected and pro-

cessed to support MC production decisions. These

objectives describe the economic parameters and pref-

erences (utilities) that constitute the key contradictions

between consumer satisfaction and economies of scale.

Reviewing the paper in this context highlights the need

for tools and approaches capable of coordinating the

different disciplines and processing the large quantities

of information that is created because of increased

domain interaction.

Additionally, increased customer integration into the

design process is an inherent consequence of the MC

definition provided in Sect. 1. Furthering domain coales-

cence and increasing inclusion of the customer require

some rethinking of the product development framework to

support incorporation of domain-specific techniques for

mass customization. The next section describes the

framework for such a process.

3 Proposed framework for mass customization

For MC product development to be a successful paradigm,

the level of domain autonomy found in current product

development cycles needs to be reduced further. Therefore,

it is important to consider advances in MC techniques in

the context of the design process, which might lead to

identification of the most appropriate ‘‘mode’’ for deliver-

ing MC goods (MacCarthy et al. 2003). Figure 1 represents

a product development framework proposed as an idealized

approach to support MC product design and delivery,

which reduces that autonomy. This framework is a con-

ceptualization of the authors; however, it is influenced by

the review of literature covered in this paper. The frame-

work serves as context for specific review of the literature.

To support mapping and discussion, each design task is

described here. Existing research is then reviewed in the

context of this process.

The staged structure of the process shown in Fig. 1 (e.g.,

Product Planning… Requirement Specification…) is simi-

lar to sources like (Ulrich and Eppinger 2000) as a basic

representation of the product development process. These

high-level stages occur whether the product being devel-

oped is mass produced or MC in nature. However, the

required tasks in each stage differ based on the amount of

product variety being offered by the design firm. These

stages are traditionally associated with the marketing (M),

engineering (E) and distribution domains (D) as previously

defined, and represented in the Venn diagram as red, blue

and yellow, respectively. The detailed development activ-

ities associated with each stage are color-coded to represent

ownership by a specific domain (i.e., the domain primarily

responsible for completion of the task). The intersections of

one or more domains—purple for ME, orange for MD,

green for ED and gray for MED—signify places where the

traditional domains must work more intimately to

exchange information and generate knowledge in support

of MC products; in these cases, ownership is shared by

multiple domains. The following sections elaborate on each

stage and review the related MC literature in the context of

those stages.

3.1 Product planning

3.1.1 Customer needs identification

This first step represents basic identification of needs

common to any product design. However, ‘‘tuning’’ the

need identification process across potential MC customers

is critical, perhaps more critical than the technology

development stages that typically dominate design for

product variety. In support of this notion, the literature

review from Fogliatto et al. (2012) points to several
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studies from Salvador et al. (2009), Bardakci and

Whitelock (2003), Jiang et al. (2006), Kaplan and Haen-

lein (2006), McIntosh et al. (2010) as evidence that a

focus on consumer needs and preferences is more

important than a focus on a particular technology or

product mix. Further, the review conducted by Zhou et al.

(2012) suggests that MC may be better supported by

affective and cognitive need elicitation in an effort to

identify latent needs.

3.1.2 Coarse market assessment with variation ranges

After initially identifying customer needs, a course market

assessment is required to identify what differentiates pos-

sible customers and the regions of the market that are

economically attractive. Further, understanding the varia-

tion ranges associated with specific needs and their relation

to other customer variables like demographic and anthro-

pometric parameters is important. This stage goes toward

establishing a basis for the development of a flexible

product architecture capable of supporting mass

customization.

Handling both of these activities as part of the Product

Planning stage for mass customizable products brings forth

three key questions that have been explored in the literature

and must be answered pragmatically by firms. Namely,

Who wants customization? What do they want to cus-

tomize? Are they willing to pay additional costs (cognitive

and economic)?

As a starting point for coarse assessment, Bardakci and

Whitelock (2003) include as a critical assumption that

market niches are too broad to satisfy (i.e., heterogeneity is

significant even within traditional segments) with product

variability alone. However, even within these fragments,

identifying the customers who want customization is crit-

ical considering their influence on the customizable

architecture. That is, ‘‘customization psychology’’ must be

understood (Bardakci and Whitelock 2003; Guilabert and

Donthu 2006). It cannot be assumed that interest will span

traditional market segments uniformly (or that this would

make economic sense if it does). Specifically, they put

forth a model for establishing ‘‘customer readiness for

MC’’ by testing three hypotheses: (1) customers are willing

to pay a premium for customization; (2) customers are

willing to wait a reasonable period to receive their cus-

tomized product; (3) customers are willing to spend a

reasonable period of time to specify preferences when

ordering customized products (at least on first occasion).

The resulting decision framework for testing these

hypotheses would be useful at this point in the process.

Piller (2004) found that people are either very interested

or not at all interested in customization, with very little

opinion in the middle (based on 7-point Likert scale for a

shoe customization case study). Further, they found gender

and culture to be important factors. In their particular case

study, they conclude there is opportunity to be successful

with customization, but that coarse market assessment is

important.

Fig. 1 Proposed process framework for mass customization with domain interaction
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These papers highlight that developing methods for

finding ‘‘potential customizers’’ is a critical first step that

must be integrated with the general design process of

Fig. 2. In the literature, these techniques can vary from the

simple to the complex. For instance, the tools used by Piller

(2004) are not sophisticated (traditional surveys and focus

groups), yet led to high-resolution insights (e.g., custom-

ization in Italy is less desirable because there is significant

variety in footwear as compared to other European coun-

tries). Similarly, Guilabert and Donthu (2006) propose a

mechanism for assessing customization interest on the part

of individuals via survey. The proposed Customer Cus-

tomization Sensitivity has five levels, which can be used to

examine how consumers feel about customization, specif-

ically whether they might be pleased with it or confused by

it.

More sophisticated techniques aimed at identifying

customers interested in customization include (Kaplan

et al. 2007), who explore factors related to the ‘‘base cat-

egory’’ of a product (i.e., all standardized products within

the same product category as the mass-customized product

being considered). Specifically, they explore the role of

satisfaction, and frequency of interaction, on the interest in

customization. They find that there is a significant direct

positive influence from base category consumption

frequency and need satisfaction to the intent of adopting a

mass-customized product. The more often subjects con-

sume products out of the base category, or the more sat-

isfied their needs are due to this consumption, the more

likely they are to be interested in a related customizable

good.

While the work of Kaplan et al. (2007) is not focused on

developing a methodology (and is potentially limited, as

the authors admit, given the test case being newspapers),

their findings provide support for developing methods

based on tracking frequency and consumption satisfaction

of base category products. In fact, there are a number of

advancing tools in the realm of business/web analytics that

look to capture this type of information. For example, using

known purchase history data with customer review data (as

well as geographic and customer profile data) represents a

basis for coarse assessment of potential customers inter-

ested in customization (Liao et al. 2009; Li et al. 2013).

Hypothetically, continued advancement of web-based

shopping combined with evolving analytics could lead to

direct identification of customers interested in customiza-

tion. Though, Pitta et al. (2003) discuss the importance of

understanding the tradeoff between using advanced infor-

mation technology to gather idiosyncratic customer infor-

mation and the issue of customer privacy. Failure to

Fig. 2 Individual consumer design process

16 Res Eng Design (2014) 25:11–30

123



consider such privacy concerns has the potential to limit

the development of customer relationships that are critical

to the customization process.

Assuming a firm is capable of identifying the right cus-

tomers, the next challenge is determining the product fea-

tures that consumers want to customize. This many-to-many

(customers-to-features) mapping complicates the problem

beyond the already difficult challenge of determining

appropriate product variety in standard mass production

offerings. Arguably, the challenge of understanding cus-

tomization preferences can benefit from existing methods

like discrete choice theory. In recent work, Ferguson et al.

(2011) explored the use of discrete choice approaches as a

basis for segmenting markets in support of customization.

Liechty et al. (2001) introduce a Bayesian-based approach,

MVP (multivariate probit model), intended to improve

understanding of menu-driven product customization. Of

particular interest is consideration of menu options that

accommodate constraints arising from feature incompati-

bility. Their method is demonstrated as being better at pre-

dicting a preferred portfolio of options over traditional

menu-based conjoint methods. Fogliatto and da Silveira

(2008) propose and test a method for determining the optimal

choice menu design using consumer segments by leveraging

traditional market research methods (focus groups, surveys),

cluster analysis and experimental design techniques; stated

preference models and logistic regression are used to create

the segments. Their view is that using the choice menu

approach is one effective way to gather preference data. The

method faces the challenge of balancing insufficient and too

much choice.

Methods that deviate from a discrete choice basis are

also likely to be important, especially as appropriate cus-

tomizable product solutions may be highly sensitive to

idiosyncrasies that vary by culture, geography, other

demographic information (Piller 2004) and highly sub-

jective factors like ‘‘style.’’ Fung et al. (2004) focus on

understanding ‘‘styling’’ (i.e., esthetics of product form)

and the relationship to fashion trends. The importance of

this work relates to the difficulty in assessing something as

amorphous and subjective as ‘‘style,’’ which is often rep-

resented by product form. In proposing a model for style

preferences, the authors are looking forward in the process

to the establishment of appropriate product platforms and

modules and the potential for fashion trends (i.e., a critical

mass of consumers preferring particular styles) to enable

production efficiencies more in line with mass production.

Similarly, Jiao et al. (2006), Zhou et al. (2012) consider

‘‘affective responses’’ (psychological understanding of

consumer perception) to design elements, proposing a

specific methodology for capturing such information and

mapping it to design parameters. Chen et al. (2003) pro-

pose an approach for acquiring and evaluating

multicultural factors based on laddering and a radial basis

function neural network. Their paper demonstrates the

potential for neural networks to provide a powerful and fast

method for uncovering the distribution pattern for customer

requirements evaluation.

Finally, once interested customers are identified and

preferences quantified—even at the coarse level desired

here—there is still a need to understand the economic and

cognitive cost limits associated with the customer cus-

tomizing the good. Piller and Müller (2004) cast this as the

premium of the individualized product compared to stan-

dard offerings and the cost of actively participating in the

design of the product. Piller (2004) explores this in terms of

utility versus cost, where utility is a function of the

improved product through customization and value of the

co-design experience. Cost is a function of price premium

for individualization and the cognitive/time cost required

for configuration. Dellaert and Stremersch (2005) address

this similarly, looking at the tradeoff between increased

utility due to customization and decreased product utility

associated with customization complexity.

While the basic functions of this development stage are

similar to standard design practice, the MC literature

demonstrates increased complexity associated with the

desire to create a customizable good. Further, these factors

are not mutually exclusive. Notably, customers interested

in customization are sure to vary, not only in preferences

for what features to customize and levels of customization,

but also in their cognitive and economic limits. If these

economic and cognitive limits are exceeded, a well-

designed product (from a feature customization perspec-

tive) will not be purchased. This is analogous to purchase

price and ‘‘ease of use’’ constraints for mass-produced

goods, but in the customization case, the economic and

cognitive costs are a new dimension in that firms must now

also design the customization system itself.

3.2 Requirement specification

3.2.1 Preliminary resource allocation

This step represents an initial allocation of human and

economic resources based upon the coarse market assess-

ment, engineering requirements and company objectives.

In an MC product development circumstance, resources are

also necessary to design the customization system that

involves the customer (as discussed in the subsequent

section).

3.2.2 Map needs to technical requirements

Based on information developed through product planning,

engineering specifications (metrics and range of values)

Res Eng Design (2014) 25:11–30 17
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must be identified and established. This is similar to stan-

dard product development, though solutions that accom-

modate the range of values desired are met through custom

goods rather than different fixed product line offerings.

This presents a need to identify ‘‘consumer clusters’’ that

includes correlation between engineering specifications and

needs and high-resolution demographic and anthropometric

parameters.

Existing work by Zha et al. (2004) proposes a method

for determining product variants based on the voice of the

customer, with a product family being viewed as a means

of offering MC. This approach leverages market trends and

customer requirements to identify the product variants and

their respective composition. This work essentially auto-

mates the process of generating technical requirements, but

does so without direct customer involvement. While this

may be appropriate for certain markets and consumers, it

does not capture the degree of consumer involvement or

the level of customization envisioned by Davis (1987).

Olewnik and Hariharan (2010) developed an evolved QFD-

based approach that integrates discrete choice theory in an

attempt to let consumers directly drive identification of the

importance of engineering requirements, but the method-

ology requires a significant level of interaction with

potential consumers if it is executed as envisioned.

Work in this area specific to MC has looked at opti-

mizing the overall product family while satisfying the

performance constraints of the variants (Gonzalez-Zugasti

et al. 2000). The same research group went on to use value

analysis under uncertainty to select platform variants and

levels (Gonzalez-Zugasti et al. 2001). Both of these

approaches are essentially setting technical specifications

for the product variants; thus, the method assumes a

product platform approach is being used.

Though our literature search is not exhaustive, it is

apparent that there is a lack of research focused on the

development of technical requirements for MC products.

The literature identified here is limited, fundamentally, by

the assumption of MC being driven by product families.

Though it may turn out that product families are a pre-

dominant mechanism to achieve MC, it is undesirable to

assume a particular solution mechanism prior to the con-

ceptual design phase as this may artificially constrain the

potential solution space.

3.3 Conceptual design

3.3.1 Concept generation

In the framework of Fig. 1, Concept Generation involves

three distinct activities: System Concept, Product Cus-

tomization and Customer Interaction. The System Concept

activity requires identification of the overall system

concept, inclusive of form, function and interaction fea-

tures (information and control) capable of serving the

fundamental needs of the broader market. As a separate

activity, Product Customization focuses on generating

potential approaches to support necessary form, function

and interaction variations in a customizable architecture.

Finally, Customer Interaction is focused on generating

potential methods for eliciting idiosyncratic consumer data

that enables customization for the concept architecture

selected. This final activity represents the first instance

where all three domains interact in the proposed develop-

ment framework.

Well-established engineering practices focused on con-

cept generation can be used to identify potential system

concepts. In general, the process for generating these sys-

tem concepts does not have to change to accommodate the

MC paradigm. However, a high level of variety is desir-

able, because it will facilitate the two additional require-

ments imposed by MC, generation of concepts for product

customization and consumer interaction.

Review of the literature resulted in no specific methods to

support generation of concepts for enabling customization,

which would support the Product Customization activity. It

may be that current practices utilized for system concept

generation can be adapted to this specific activity. However,

exploring the form of that adaptation represents a potential

area of investigation for firms and design researchers. Sim-

ilarly, methods to identify potential concepts for Customer

Interaction are not offered in the literature, though specific

solutions in the form of ‘‘configurators’’ can be found and are

discussed in a later section. A comment worth making here is

that while current solutions might represent a starting point,

or best practice in some instances, it limits the potential to

identify innovative concepts necessary for MC interaction

with customers. Again, this represents a potential area for

research exploration.

3.3.2 Concept selection

Here, the designers must select the system constructs

(System Solutions), customization mechanisms (Custom-

ization Approach) and consumer interaction approach

(Interaction Approach) that work seamlessly; this is a non-

trivial task. This is a system-of-systems problem for which

current concept selection approaches may be challenged.

All tasks of the selection activity are shared by the domains

as a reflection of the strict interdependency among these

groups when developing a MC product.

There is significant existing work focused on the sub-

problem of selecting system solutions. However, the liter-

ature review revealed no approaches specific to the MC

representation here, where three concepts must be selected.

However, previous work might be leveraged as this
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problem is further explored. For example, Martin and Ishii

(2002) created the Generational Variety Index (GVI) to

evaluate the design effort required to add variants to a

product platform. It is possible that this GVI could be

adapted to help assess product customization concepts.

Adding flexibility to product platforms is proposed by

Suh et al. (2007) as a method of reducing redesign costs.

This approach leverages change propagation analysis as a

method to help identify areas where flexibility is needed.

While a design firm may not be pursuing a pure platformed

approach, the idea of using change propagation analysis

can be used when evaluating concepts and identifying areas

of potential redesign or areas where additional customiza-

tion approach concept generation is needed.

3.3.3 Concept validation

Concept Validation represents a departure from traditional

mass production product development. Here, there is a

need to validate the product concept derived from coarse

market assessment through a Test of Market Interest.

Specifically, the intent is to interact with potential con-

sumers and allow them to customize hypothetical offerings

and determine whether they are working in the ranges

expected for customizable aspects. There is also interest in

confirming that individuals have a higher perceived utility

when compared to static offerings for the range of engi-

neering requirements identified, as discussed previously.

Concurrently, Testing of the Interaction Approach is

important to finalizing an appropriate customization inter-

face. Consumer interaction concepts found in the literature

revolve largely around web-based interfaces. In general,

this research looks at the information technology required

to enable these approaches. For example, Huang et al.

(2007) develop an information framework that enables

collaboration between the parties involved with custom-

ization. In the example provided, it does not directly

involve the consumer, but the consumer could be inte-

grated. In practice, certain companies employ other cus-

tomization practices. For example, an in-store fitting is

often used to address anthropomorphic variation, and is

used to customize clothing, climbing packs, etc. Frutos

et al. (2004) present a complete decision-support frame-

work comprised of an object-oriented representation of the

MC process intended to support the integration of con-

sumer preferences and constraint representation for man-

ufacturer and consumer alike. The framework assumes

modular product architectures and is developed to support

product configuration. Thus, while specific approaches to

consumer interaction have been proposed, it is important

that the mechanism be validated prior to launch as it will

likely be a function of the product architecture, custom-

ization types and consumer knowledge.

Specifically, there is a need to ensure that the configu-

rator has an appropriate combination of web-driven and

live-person configurator components, behaves as expected

and does not detract from the product utility. This issue

relates directly to critical functions of the product planning

phase and is represented by a number of studies focused on

configurator design. As previously mentioned, Dellaert and

Stremersch (2005) consider customer interaction aspects as

it relates to the trade-off between increased utility for a

customized good and decreased utility due to customiza-

tion complexity. Two findings important to this framework:

(1) as customers progressed in customizing a product

(computers in their work), both product utility and com-

plexity decreased (reasoning: boredom/fatigue and experi-

ence, respectively); and (2) higher product utility is

achieved among consumers when default versions were

presented at a base level rather than at advanced level.

Similarly, Kurniawan et al. (2006) investigate two

modes of customization for a t-shirt purchasing experi-

ment, where they vary product presentation (by attribute or

alternative), shopping method (configurator or selection)

and number of alternatives (16 or 256). Among a number

of findings, of particular interest here is: (1) presenting by

attribute increases levels of process satisfaction; (2) shop-

ping by configurator is associated with higher process

satisfaction, (3) increasing alternatives increases the benefit

of the configurator; and (4) that presentation mode and

shopping method are critical factors for product and pro-

cess satisfaction (configurator is better for attribute pre-

sentation and selection is better for alternative). While this

indicates the effectiveness by which configurators can

connect with customers in MC, it further highlights the

importance of a validation phase.

Finally, as part of concept validation, it is also important

to consider manufacturability. Given the selected concepts,

feasibility assessment and cost effectiveness (production of

the core architecture and customizable features) is certainly

a requirement that must occur early in the process.

As reflected by the prominence of high interaction

among the design domains during conceptual design, this

phase is critical to the development of a successful MC

good. This stage represents an early instance in MC design

where a higher level of intimacy in both interactions among

the domains, and the firm and customers is important. This

is explored in more detail in the conclusions and oppor-

tunities discussion of Sect. 4.

3.4 Embodiment and detailed design

3.4.1 Physical architecture

In this stage of the process, designers must determine the

overall system architecture with consideration of Subsystem
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Connections and Sizing and Arrangement as specific activ-

ities. Of course, the additional complication is that the

architecture must now serve customization.

The broadest perspective on architecture definition to

facilitate MC comes from work in product platforming

(Meyer and Lehnerd 1997; Simpson et al. 2006). While

heavily explored in the engineering design literature, most

of the fundamental questions in product platforming have

explored: (1) whether the architecture should be designed

from the top-down or bottom-up, (2) if aspects of the

platform should be scalable or modular and (3) how

product platforming problems should be formulated and

analyzed. The first formal approach found in the literature

is the PPCEM introduced by Simpson et al. (2001). This

method leads to a top-down architecture capable of being

easily modified and upgraded through the addition, sub-

stitution and exclusions of modules. A five-step procedure

characterizes this approach by describing how market

segmentation grids can be used to classify desired ranges of

product performance that then dictate product platform and

product family creation.

Platforming the layout of subsystems was also explored

by Hofer and Halman (2004) who examined the design of

large, complex systems. Case study problems were pri-

marily used to draw conclusions from this work, supporting

the idea that product platforming is an effective strategy for

maintaining economies of scale regardless of system size.

However, an implicit assumption made in most product

platforming research is that the system can be easily

changed. Tools for testing the validity of this assumption

come from the area of change propagation research (Eckert

et al. 2004), which states that change rarely occurs in

isolation and often influences other system components. As

it is likely that this change cannot be avoided, the best

strategy is to manage the impacts as effectively as possible.

Initiated changes to product architectures are identified as

those that arise from changes to customer requirements and

emergent changes are identified as those that arise due to a

perceived weakness in the product. Understanding the

impact of a system change is done by classifying compo-

nents with respect to a type of propagation: constants,

absorbers, carriers and multipliers. It is suggested that by

understanding where and how changes might propagate, a

designer will be more effective at identifying changes to

product architecture that can easily support MC.

While scalable architectures are often discussed, the

literature review found few research papers that directly

proposed methods for identifying scalable components or

handling design challenges that may arise (Dai and Scott

2004). Rather, the literature focuses on research efforts

toward handling modularity. These efforts extend from

creating definitions and taxonomies (Arnheiter and Harren

2005; Gershenson et al. 2003) to understanding the role of

commonality among components and modules (Corbett

and Rosen 2004), to optimizing the definition of modular

architectures (Gao et al. 2009; Yu et al. 2007; Fujita 2006).

Combined, the focus of these efforts is to understand where

modularity and commonality may be achieved, leading to

the definition of a generalized architecture.

3.4.2 Material selection

A related aspect of the Physical Architecture stage is

Material Selection. Here, designers must build upon the

established architecture and define the range and combi-

nation of materials that support the possible customization

opportunities.

From the literature review, the material selection phase

of embodiment and detailed design can be classified into

three categories: module identification, problem formula-

tion and configuration strategies. Module identification

research directly picks up from the decisions made when

defining the physical architecture and works toward iden-

tifying a customer-oriented product concept (Chen et al.

2005). The goal of this work is to define elements that are

common or similar enough to turn into modules when

system requirements are known and the architecture has

been determined, but no parts or components have been

defined (Hölttä-Otto et al. 2008). Module identification is a

significant challenge, however, and multiple metrics and

measures have been defined to accommodate this step. For

example, it has been proposed that module similarity can

be compared using input/output functional relationships

and physical properties (Hölttä-Otto et al. 2008). Other

works explore modular identification using cluster analysis

(Dai and Scott 2004) and graph grammars (Du et al. 2002a,

b, 2003). Graph grammars have an advantage of providing

a visual representation of configuration possibilities and are

a first step at developing a set of production rules. They can

be used to define aspects of the product that should be

attached, removed, swapped, or scaled (Du et al. 2003).

However, they do not replace decision-making tools, they

simply are an effective means of conveying information

once decisions have been made about what to offer.

While research in module identification dictates how the

product might change, it does not describe why it should

change. Research in this step addressed this aspect of

design by stating that while a product family targets a

specific market segment, it is the variants that need the

specific need sets within that segment (Du et al. 2001).

Here, product variants are derived from common bases and

design parameters; components and assembly structures are

embodied in response to the set of functional features

desired by the consumers. The challenge is defining the

metrics and measures used to assess an effective product

family design. One approach toward problem formulation,
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for example, uses a combination of conjoint analysis and

Kohonen association techniques (Chen et al. 2005). In this

work, conjoint analysis is used to obtain customer prefer-

ences for different design alternatives, and Kohonen asso-

ciation is used to solicit customer desirability between

design specifications and design alternatives. Performance

of the product family to some designer-defined objective

and product commonality is a common problem formula-

tion approach used to arrive at final variant designs (Fellini

et al. 2005, 2006; Jiao and Tseng 2000). While the com-

monality indices are straightforward—looking at a com-

bination of components and processes—the definition of

performance loss constraints is more nuanced. A funda-

mental assumption of this approach is that the customer

cares, or identifies with, a performance loss measure as

defined by the designer. A different approach is to mini-

mize cost while ensuring that desired modules are present

and that there are no compatibility problems (Yeh and Wu

2005). However, desirability of modules is not well defined

in this work and must be further explored by linking

information from the marketing domain. Finally, Williams

et al. (2007) integrates aspects of customer demand, range

of variety to be offered and analysis and modeling of

demand into a single problem formulation. Designer pref-

erences are mathematically modeled using a utility-based

comprise decision-support scheme, yielding a utility

function for each objective in the multiobjective problem

formulation. However, the paper does not address how to

model the inner workings of each objective in any specific

manner. The integrated nature of the different domains is

highlighted in this paper, and modeling these interactions is

left as a source of future work.

Once a problem formulation has been defined, the next

step is to design the process of product configuration. An

important challenge associated with this step is that the

variability left open to the consumer must be done in a way

that avoids ‘‘mass confusion’’ (Chen and Wang 2010). That

is, since a customer will be involved in the decision-

making process of product configuration, the knowledge

gap between customers and salesman and designers must

be understood (Chen and Wang 2010; Siddique and Ninan

2007). A proposed solution is the development of product

configuration rules (Chen and Wang 2010) and product

configuration models (Yang et al. 2009) to facilitate the

product configuration process. Huang et al. (2008) explore

a constraint-based product configuration approach where

configurations are classified as being rule-based, model-

based or case-based. These constraints allow information to

flow from product model to analysis to final configuration

to ensure design feasibility. Finally, this notion of captur-

ing and using knowledge of the configuration process also

extend to part configuration. Myung and Han (2001), for

example, store knowledge to speed the process of part

modeling and assembly creation. This allows the dimen-

sions of components to be modified as the design is

changed.

3.4.3 Final validation

A second stage of the Embodiment and Detailed Design is

that of Final Validation. The Manufacturability phase is

focused on the assessment of the feasibility and cost

effectiveness of manufacturing the range of customization

with respect to detailed design requirements, given the

architecture. This is common in any product development

process.

However, this validation stage differs from mass-pro-

duced products because of the perceived sensitivity of

product success to customization capability. As such, a

critical phase is that of Market Interest, in which potential

consumers are allowed to customize hypothetical offerings.

The goal is to validate that the product is working in the

ranges that expected for customizable aspects of the

product. This also provides a controlled setting in which to

see whether individuals are attaining higher perceived

utility when compared to static offerings. It would also be

important to validate the interaction approach, as it has the

potential to reduce the utility of the customized good, as

previously discussed.

3.5 Manufacturing, sales and distribution design

This phase of design occurs after the engineering domain

has finalized the detailed design decisions associated with

the product. As construction of the product is often delayed

until the point of order, the previous phases have primarily

focused on constraining the design space to a set of viable

consumer-enabled customization decisions. Focus now

shifts from establishing the parameters of the product—

what it might do, how it might look—to establishing how

the product will be made and then distributed to the con-

sumer. The design of the manufacturing, sales, and distri-

bution process for a mass-customized product often has

higher or additional requirements than a mass-produced

product. This is because of the increased variety offered

and the act of integrating the customer into the process of

defining the final design configuration. The challenge

begins with determining how to manufacture the product in

a way that supports the customization opportunities iden-

tified in the previous phases.

3.5.1 Develop approach for manufacturing

The act of developing a manufacturing approach for mass

customization encompasses two distinct steps: technology

and process identification. From a technology perspective,
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research looks to develop the needed technologies that

enable production consistent with mass production rather

than craft production. Notably, leveraging intelligent and

agile manufacturing approaches is critical to delivering

truly custom goods. The system for customized clothing

from Lu et al. (2010) can generate clothing patterns using

CAD techniques based on the collected dimensions, use

CNC laser cutting to cut fabric into pattern pieces auto-

matically and integrate the processes of garment sewing.

A representative list of efforts include selective laser

melting (Vandenbroucke and Kruth 2007), combining re-

configurable molds and CNC machining (Kelkar and Koc

2008), reconfigurable robotic systems (Bi et al. 2004;

Zangiacomi et al. 2004) and rapid prototyping systems

(Bateman and Cheng 2002). Limitations of these technol-

ogies are also highlighted in the literature (Tuck et al.

2008), such as the single material at-a-time constraint

associated with rapid prototyping machines (Bateman and

Cheng 2002).

While the technology used to produce mass-customized

products is important, the larger challenges come from

designing the manufacturing process. Here, research has

focused on specific areas—controlling inventory and

product construction—while some have focused on the

more general manufacturing process. Research focusing on

product inventory can be linked to the development of

product complexity measures (Zhang and Efsthathiou

2006), where it was found that the number of stock loca-

tions may actually play a more significant role than variety

(number of variant designs). Additional efforts in the area

of inventory also focus on bill-of-material (BOM) gener-

ation to unify BOMs and routing information to make

production more efficient (Zhang and Efsthathiou 2006; Du

and Jiao 2005; Jianxin et al. 2000; Tseng et al. 2005), the

use of RFID to track components and subsystems (Chen

and Tu 2009) and generalized master models and electron

catalogs to serve as reference build structures (Yang et al.

2007; Ma et al. 2008). The motivation behind these works

is to facilitate actual product construction. This is needed

because actual product construction is made more difficult

from the delay in order penetration point and the fact that

construction is postponed until the point of sale (Partanen

and Haapasalo 2004; Brun and Zorzini 2009). To combat

these challenges, modularity is often championed as the

most effective means of achieving the necessary post-

ponement, highlighting the ramifications of design deci-

sions made in the conceptual and embodiment phases of

design.

Efforts focusing on the entire manufacturing approach

highlight the challenges associated with resource manage-

ment in a mass customization paradigm. A common theme

is that a successful manufacturing approach is capable of

integrating the manufacturing process, information

technology for both product and customer data manage-

ment, and the management structure (Zhao and Fan 2007;

Waller 2004; Fan and Huang 2007; Wang 2009). However,

while these works comment on the challenges of the

problem, no overarching framework or process is presented

to solve this problem. QFD is proposed as one approach to

link business process to business function, but this is done

at a very high level (Zhao and Fan 2007). Other work has

linked information management to build-to-order systems

through five basic requirements: speed, simplicity, cer-

tainty, visibility and clarity. However, no metrics are pro-

vided to quantify these terms.

3.5.2 Design supplier network

In much of the MC work, an underlying assumption is that

the manufacturer who interacts with the consumer builds

the final version of the product after the point of sale. The

material for product construction, however, comes from a

supplier network capable of supplying the necessary raw

materials. In a mass customization environment, the

foundation of this supplier network is challenged by the

need for increase part variety and increased inventory

necessary to support product customization. Research in

this area has explored the use of data-mining techniques

and QFD in supplier selection (Ni et al. 2007) and data

management using XML between the manufacturer and the

supply chain (Turowski 2002).

3.5.3 Develop approach for distribution

Design of the manufacturing approach and supplier net-

work allows for the product to be built once an order is

placed. However, in a mass customization paradigm, an

order is not placed until the point of sale. This phase

involves the actual interaction with the customer where

their integrated design decisions finish the design such that

it can be built. Gathering this order information requires

managing the flow of information between the customer,

the sales office and the technical offices in ways that

minimize the need for repetitive activities and minimize

configuration errors in production (Salvador and Forza

2004). Controlling this flow of information can be handled

by manipulating choices available to consumer by defining

one of three MC models (Alford et al. 2000). These MC

models will have been defined earlier in the Concept

Generation phase of the process. By allowing customers to

change either the product’s core (fundamental architecture

changes), options (selecting from a list), or service com-

ponents (warranty, sales price, etc.), the flow of informa-

tion can vary from great to relatively small.

The logistics associated with global product launch is

explored by Bruce et al. (2007) by drawing on the
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experience of two firms. In this work, it is found that while

some aspects of the launch process may be standardized to

maintain efficiencies, some aspects (especially at the

regional level) may benefit from customization. Categories

of country mores, language and colloquialisms, and tech-

nology infrastructure are identified as key areas of cus-

tomization to increase local market acceptability and

social/regulatory expectations. Effectively managing the

flow of information during this phase can also facilitate

after-market customization opportunities (Graessler 2003).

The arrival of an order allows for the construction of a

product to commence. The challenge at this phase mainly

addressed in the research is the scheduling of individual

orders. Publications in this area tend to focus on the

development of computer software or web-based tools that

can be used to handle the complexity associated with small

batch orders (Zangiacomi et al. 2004; Yao and Carlson

2003; Barnett et al. 2004; Forza and Salvador 2002). This

requires real-time status updates and the ability to track to

the product through the various phases of construction.

There is little validation or theory presented in many of

these papers, though some do attempt to introduce a mul-

tiobjective problem formulation that can be weighted in

various manners to manipulate the supply chain schedule

(Yao and Liu 2009).

3.5.4 Develop distribution network

Finally, developing a distribution network focuses on

granting the ability to control manufacturing facilities from

geographically distant locations while minimizing the

distance to the customer. By postponing construction to the

point of sale, mass customization provides opportunities to

remove the need for massive distribution systems by

focusing on getting products to individuals (Bateman and

Cheng 2002). The presence of satellite manufacturing

facilities can provide opportunities to reduce shipping and

wait times while maintaining a network capable of main-

tain certain economies of scale.

This section highlights the importance of design deci-

sions made with respect to how the product is made in a

mass customization paradigm. While the previous sections

addressed the challenges and advances in consumer inte-

gration, architecture identification and customization

frameworks, those outcomes are only made possible by

having the flexibility and technology needed to manage

information flow and control inventory.

3.6 Proposed individual consumer design process

Paralleling the design process under control of the design

firm, there is a consumer-side design process that will be

traversed as part of the distribution phase of the design

process in Fig. 1. Zhang and Chen (2008) looked at key co-

creation activities (KCA) with consumers important to

satisfying ‘‘personalized demands,’’ and customerization

capability (CC) in a study of multiple Chinese firms. They

find that involving consumers in the design process prior to

final production may be critical to success. In light of these

findings, it is desirable to consider the consumer as a

designer (Risdiyono and Koomsap 2013), though working

in a reduced design space that has been bounded by the

firm. Specifically, the consumer-side design process begins

as manufacture of a specific custom good is requested. That

consumer-side process is shown in Fig. 2 and is explained

briefly here.

3.6.1 Product planning

3.6.1.1 Identify individual consumer’s needs The con-

sumer identifies their individual subset of user needs, likely

from a set of needs developed by the design firm.

3.6.1.2 Identify individual characteristics Specific user

characteristics (e.g., anthropometric measurements) that

inform and constrain the design solution are submitted.

While there are many web-based tools for this type of

information submission, it is important to consider more

sophisticated approaches to improve resolution of idio-

syncratic data. For example, Lu et al. (2010) present an

intelligent system for customized clothing making. Body

dimensions can be generated from 3D scans or 2D

photographs.

3.6.2 Requirement specification

3.6.2.1 Identify individual consumer’s needs The indi-

vidual needs and characteristics of a consumer are mapped

by the design firm to system requirements. These system

requirements then drive the latter stages of the design

process.

3.6.3 Conceptual design

3.6.3.1 Concept generation The design firm generates

potential solution concepts from the technically feasible

and economically attractive regions of the design space that

has been developed through the process of Fig. 1. The

consumer is not involved with this stage because it is

assumed the solution space is set; instead, potential con-

cepts are offered.

3.6.3.2 Concept selection The consumer, often with

some form of help from the design firm, will select the

concept that they prefer. As an example, Lee and Kwon

(2008) provide a web-based recommendation mechanism
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that considers causal relationships among quantitative and

qualitative factors. In comparing their approach to tradi-

tional recommendation tools, they find that integration of

causal mechanisms between quantitative and qualitative

factors improves consumer decision satisfaction. Kelkar

and Koc (2008) use information from customers gathered

through e-commerce, leveraging knowledge discovery and

data mining to filter consumer information—specifically,

semantic data—and offer appropriate products to fit their

needs, an approach that could be adopted here.

3.6.3.3 Concept validation The individual consumer

approves the overall concept.

3.6.4 Embodiment and detailed design

3.6.4.1 Physical architecture The consumer, often with

some form of help from the design firm, will identify the

layout, connections of subsystems and material choices. A

specific case study that provides for consumers participat-

ing in the physical architecture layout is provided by Juan

(2009). This work presents a system to support decision

making in housing customization using a combination of

case-based reasoning (CBR) and a genetic algorithm (GA).

A customer is able to participate in the design process by

customizing the house according to one’s preferred layout,

finishing and budget, without time-consuming communi-

cation with professional designers. Ninan and Siddique

(2006) provide a configurator approach that converts user

requirements into hypothetical designs through optimiza-

tion. However, if the product does not yield a feasible

design, the user is asked to select dimensions that can be

altered to move toward a feasible solution. Siddique and

Boddu (2004) present a graph grammar-based approach

that presents the customized product to the user while

concurrently creating product construction and assembly

steps. Tseng and Chen (2006) provide a product configu-

ration tool that leverages constraints based on customer

needs, essential and optional parts, and dependence and

mutually exclusive relationships among parts. The litera-

ture review of Fogliatto et al. (2012) highlights a number of

other ‘‘real-world’’ configurator examples.

3.6.4.2 Final validation In this stage, the consumer

approves the design for look, function and performance.

The design firm must ensure they can produce the product

to specification.

3.6.5 Manufacturing, sales and distribution

In this stage, the company must accept payment, manufac-

ture (fabricate, assemble, configure, etc.) and distribute the

mass-customized product. While this stage is essentially

execution, it contains a number of non-trivial problems as

discussed in the previous section.

This objective of this section was to provide an over-

view of mass customization literature specifically contex-

tualized in the design process of the firm and the consumer.

Based on this review, several conclusions and opportunities

for investigation are discussed in the next section.

4 Conclusions and opportunities for advancing

the mass customization paradigm in practice

As design researchers and practitioners interested in the

potential of MC, the review of literature presented in this

paper represents the output of a curiosity regarding the

state of practice and how it maps to a process that might be

carried out by firms. Though the literature review is not

exhaustive, it is representative of the state-of-the-art in MC

over the last 12 years.

By mapping the reviewed literature to an envisioned

design process, it allows one to assess the ‘‘density’’ of

effort in MC with respect to the process focus. From this

review, it is evident that there is significant effort in the

engineering and distribution-domain-related stages of

Embodiment and Detailed Design, and Manufacturing,

Sales and Distribution in Fig. 1. Primarily, these works

take form in modularity, product families, agile manufac-

turing and production automation research. There is also

significant effort in the area of product configurators for

purposes of integrating the customer as part of the design

process, reflected as part of the Embodiment and Detailed

Design phase of Fig. 2. This existing literature represents

an excellent resource from which to draw and develop best

practices for firms interested in MC for these specific

phases of MC product development and delivery.

With respect to other aspects of the MC design process

of Figs. 1 and 2, there are a number of opportunities for

future investigation and development. These investigations

might be informed by existing literature that parallels MC

development factors while not being focused specifically

on MC. The remainder of the paper describes these

opportunities.

4.1 Customer needs and preference assessment tools

The limited volume of research in the area of preference

assessment for MC demonstrates that there is opportunity

for more approach development focused on assessing needs

and preferences in the context of MC. Need and preference

assessment is important when developing the Coarse

Market Assessment (Fig. 1) that leads to creation of cus-

tomizable products. Specifically, adapting current approa-

ches based in discrete choice theory to establish the
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appropriate preference resolution may be required. Exam-

ples of such approaches are highlighted in Sect. 3.1. The

application of discrete choice models is attractive because

of its ability to represent heterogeneity in consumer pref-

erences (Olewnik and Hariharan 2010; Donndelinger et al.

2008; Kumar et al. 2009; Shiau et al. 2007; Turner et al.

2011; Porterfield and Ferguson 2012). However, the

capabilities of discrete choice models are limited and may

not be robust enough for MC applications. For example,

the attributes considered in a discrete choice survey may

primarily be useful for only functional aspects, model form

is often compensatory, and the cognitive burden placed

upon the survey respondent can quickly become prohibi-

tive. In recent work, we attempt to raise this issue specif-

ically (Ferguson et al. 2011).

Tailoring these emerging methods to MC may be a

viable approach that could have immediate impact on the

paradigm. However, even tailored approaches may not be

capable of capturing preference information for aspects

like esthetics. Some approaches to incorporate preferences

that deviate from discrete choice methods are also

reviewed in Sect. 3.1. More importantly, it may be that

need elicitation and preference assessment techniques must

be pulled from work outside the specific applications of

MC and/or engineering design research (Zhou et al. 2012;

Fuentes-Fernandez et al. 2009, 2010; Jiao et al. 2007;

Durugbo and Riedel 2013; Wang and Tseng 2011; Luh

et al. 2012a; Arora et al. 2011; Li et al. 2013). We see

opportunity to bring these theoretical bases together to

assist in building complete customer preference profiles

that support MC.

4.2 Handling requirement specification and conceptual

design

The literature focused on developing requirement specifi-

cations for the MC design process (Sect. 3.2) appears quite

limited based upon our search. The specific opportunity

here is to develop methodologies that assist designers in

converting coarse market assessment (customer require-

ments) into appropriate technical requirements and cus-

tomization ranges. Research is needed to explore if existing

requirement management approaches (Simpson et al. 2012;

Liu et al. 2010; Bernard 2012; Baxter et al. 2008; Morkos

et al. 2012) can be used in, or extended for, MC. Devel-

oping technical specification from customer needs, even

with available tools, represents a difficult step in a standard

product development process. It is envisioned that doing

this for MC will be even more difficult given the need the

manage customization ranges and finer customer

heterogeneity.

Similarly, methodologies for concept generation and

selection that are focused on customizable product

development are not well represented in the literature.

Again, it may be that adapting existing tools is an ideal

approach, but studies are necessary to quantify the out-

comes for MC applications in comparison with standard

product development. Such approaches might include

standard practices like the gallery method and morpho-

logical matrix (Ulrich and Eppinger 2000) or advanced

techniques like ‘‘subjective objective system’’ (Ziv-Av and

Reich 2005) and others (Helms and Shea 2012; Liu et al.

2011; Yilmaz et al. 2010; Augustine et al. 2010). Adapting

these conceptual design methods to address aspects of

system architecture, customization mechanisms and cus-

tomer interaction is a particular approach suggested in our

process of Fig. 1. Yet, this is not to imply that it is the only

approach.

4.3 Application in the development of durable goods

A significant shortcoming of the methods reviewed lies in

the application of the methods for the design of mechanical

systems and manufactured products (i.e., durable goods

like vehicles and consumer appliances) The MVP method

from Liechty et al. (2001) is applied to the customization of

web services. Similarly, the work from Fogliatto and da

Silveira (2008) is applied to a service problem (natural

gas). Applying these methods to manufactured products

would add a significant challenge since information

regarding pricing and constraints is often dictated by the

technical domains of engineering and distribution; infor-

mation more challenging to represent early in the design

process. There are real-world examples (e.g., Dell and Trek

Project One), however, the ‘‘algorithms’’ that guide

development of these custom goods are proprietary and

therefore provide limited insight for others interested in

MC.

The devolved manufacturing approach by Bateman and

Cheng (2002) will add another layer of complexity, that of

‘‘design for customization.’’ Much consideration will need

to be given to define exactly how a product can be cus-

tomized, with most customization taking place at the

‘‘interface’’ with the user. Analysis to determine the com-

mercial viability of an individualized product and the

financially optimum level of customization will be neces-

sary, as will appropriate market research to identify

potential markets/products where customization is at a

premium (Liu et al. 2012). This is representative of an

overall lack of metrics specific to MC that may be

important to ‘‘go, no-go’’ decision making during the

development process.

These challenges in manufacturing and delivery have

created an environment in which the distribution domain,

like the marketing domain, pushes additional constraints on

the engineering domain in developing architectures capable
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of MC. These additional constraints reinforce the use of

modularity and product platforms as the primary approach

for MC in many firms (Sered and Reich 2006; Dobrescu

and Reich 2003; Tsai et al. 2013). Further, the need to

deliver products as quickly as possible limits fabrication

options. An important question resulting from this con-

clusion is: ‘‘How should the product development process

be evolved to reflect the challenges of information flow

toward the engineering domain to facilitate the increased

concurrency in the development of mass-customized

goods?’’ Fig. 1 demonstrates that such considerations raise

the level of multi-domain activity and information

requirements within the Conceptual Design phase.

4.4 Internal and external information mapping

and information technology

The linking of information between engineering and

product activities is always critical in the design of com-

plex systems. Mass customization, by nature, will make

even simple design problem more complex. This is high-

lighted by the concurrent nature of MC product develop-

ment, as illustrated by Fig. 1, and underscores the critical

nature of information handling between disciplines, design

teams, employees and customers.

As a matter of practice, the methodologies aimed at

consumer preference assessment and consumer-as-designer

integration represent barriers in their application due to

their complex nature (Bardakci and Whitelock 2003; Fo-

gliatto and da Silveira 2008; Fung et al. 2004; Liechty et al.

2001). These methods stand out due to their basis in

decision and behavioral theory, which is still immature and

yet unsubstantiated with regard to validity in product

development research and practice. Further, these meth-

odologies would require integrated design teams that

include marketing experts and engineers in execution, a

practice that has certainly grown over the last two decades

but is far from ideal for many product development firms.

The development of software applications that automate

these methodologies would help in easing the complexity

of application, but the issues of validation and effective

design teams must be resolved.

Technology can also be used to facilitate needs identi-

fication and preference assessment through the use of vir-

tual prototypes and augmented realities (Carulli et al. 2012;

Luh et al. 2012b). These environments allow customers to

gain experience with a product without the expense and

tooling associated with building a physical prototype.

However, such systems are expensive to build and can lead

to increased time in the design process. These environ-

ments may be best suited for customized products in high-

cost environments where the market for customization is

small. Pursuing a proper balance of fidelity in the virtual

systems may be the most effective design strategy. For

example, if general architecture decisions are still being

made about the product, the level of detail necessary in the

virtual prototype should only be as extensive as necessary

to guide that decision. As more detailed design work is

pursued, the prototype models should be updated to reflect

a finer level of granularity.

This reliance on information technology is likely needed

if customers are to finish a design and create products with

a higher value (Risdiyono and Koomsap 2013). However,

this benefit can be tempered by the challenges associated

with product configuration. In addition to the design con-

siderations and testing that must go into the product con-

figurator (Haug et al. 2012), putting the human-in-the-loop

may require the generation of initial starting points (Mav-

ridou et al. 2013) and the ability to ensure that the desired

product configuration is complete and feasible (Yang and

Dong 2013). The challenge here is that when the customer

acts as designer, the configurator tools must be capable of

addressing the knowledge/expertise gap that is likely to be

present.

Perhaps the largest amount of research on information

flow in MC occurs in the distribution domain, where much

of the literature focuses on the fabrication and assembly

activities. Remaining challenges that must be addressed

can be categorized as issues of approach complexity or of

organizational culture. For example, the algorithm from

Yao and Liu (2009) gives appropriate consideration to

information needs and critical aspects of production deci-

sions for MC. However, the approach is daunting in its

complexity and unlikely to be implemented by firms unless

significant effort is put into automating the method through

software.

Looking at organizational culture, Waller (2004) high-

lights the five most critical factors—speed, simplicity,

certainty, visibility and clarity (all of which could poten-

tially be MC specific metrics). However, the organization

of lead firms and suppliers would likely require a firm to

establish a subsidiary focused on MC rather than integra-

tion of the approach with current practice. Similarly, a key

takeaway from Barnett et al. (2004) is that typical CIM

infrastructures may be too rigid to meet the constantly

changing need of mass-customized manufacturing. This

demonstrates that information technology itself can be a

barrier to MC if it is not structured with appropriate flex-

ibility and autonomy. In general, the design of mass-cus-

tomized goods requires effective and agile IT

infrastructures capable of supporting information sharing

within and between domains and the development of cus-

tom applications that operationalize best practice in MC

product development.

Finally, Pitta et al. (2004) recognize that information

must be shared across the spectrum of the organization,
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especially if a firm is to maximize ‘‘lifetime customer

value’’ (i.e., the financial return that can be generated

through maintaining a relationship). General processing of

the information throughout the design process is not dis-

cussed, though recognized as a key issue which begins in

the earliest phases of development.

5 Final remarks

The goal of this paper is to provide a representative over-

view of the state of the MC paradigm as it pertains to

engineering design. By exploring the current state of the

MC literature, areas of strength and weakness in an MC

design process have been identified. This allowed for the

identification of critical areas for design research to explore

and develop in the previous section.

While Zipkin raises important concerns that the MC

paradigm must be used judiciously, it is apparent from the

review of the literature that there is much opportunity for

moving the paradigm forward to make it a successful

product development approach for more firms. To do so, an

overarching framework that represents the highly concur-

rent nature of mass customization is offered as a foundation

for mapping information flows, developing metrics that aid

decision making and providing context for research and

development of methodologies that aid the paradigm. In

addition, the process framework should make apparent that

pursuing mass customization is a highly strategic consid-

eration that in many cases requires consideration at the

highest levels of management. It is hoped that this work

provides a useful, current perspective on MC and serves to

highlight areas for new and continued progress in the

paradigm.
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