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Uustuotekehitysprojektin alkuvaiheeseen panostaminen nahdaan usein tarkednd osana
kehitetyn tuotteen menestysta. Taman tutkimuksen tavoitteena on kehittda kohdeyrityksen
konseptointiprosessia ja kehittaa tydkalu, joka tukee tata. Tutkimusongelman pohjana oli
pyrkimys valttda yksityskohtaisen suunnitteluvaiheen esteitd. Tahan liittyen, korrelaatio
tuotevaatimusten ja valmiin tuotteen valilld haluttiin hallita. Yrityksen muiden osastojen
osallistaminen tuotekehitysprojektin alkuvaiheessa nahtiin tarkedna. Taten tydn tuotokset
liittyvat paaosin rinnakkaissuunnittelun ideologiaan. Ominaisuusperustainen
tuotekehityslahtokohta valittiin tukemaan tutkimusta.

Ty0 tehtiin osana tiettya uustuotekehitysprojektia ja sen aikana. Tutkimusstrategiaksi valikoitui
yksittdinen tapaustutkimus. Olemassaolevaa tieteellistd Kkirjallisuutta tuotekehityksesta
tutkittiin kirjallisuuskatsauksen avulla ja tatd kaytettiin pohjana muutoksille, jotka tehtiin
konseptointivaiheeseen kehitysprojektin aikana. Projektin edetessad toimeenpantuja
muutoksia analysoitiin ja sovellettiin tuktijan toimesta. Lisaksi projektiryhman kanssa pidettiin
palavereita ja tydryhmia aiheisiin liittyen.

Kirjallisuuskatsaus koostuu viidesta luvusta. Uustuotekehitysprojektin alkuvaiheita tutkitaan,
jotta  tydén  viitekehys voidaan ymmartdd  paremmin.  Rinnakkaissuunnittelu,
tuotearkkitehtuuriteoria, Design for X, ja ominaisuusperustainen suunnittelu kaydaan lapi
yksityiskohtaisemmin.

Tydn tuloksissa muodostetaan tuotteesta funktionaalinen rakenne, jonka pohjalta
tuotearkkitehtuuri luodaan. Kehitysprosessi aloitetaan ominaisuusperustaisen suunnittelun
periaatteita noudattavan tydkalun avulla. Tydkalu kayttdad l|dhtdkohtana funktionaalista
rakennetta ja tuotearkkitehtuuria. Nama tuotokset analysoidaan ja lopulta kuvaus
konseptointivaiheen tuotekehitysprosessista muodostetaan.

Johtopaatdksena huomataan, etta tarkeimmat konseptointivaiheen tuotokset ovat nakdismalli,
funktionaaliset elementit, tuotearkkitehtuuri ja lista konseptoitavista asioista. Lisaksi, vaaditut
ominaisuudet on maariteltdva tuotteelle ennen kehitysprojektin aloittamista. Nakoismallia
voidaan suunnitella samaan aikaan funktionaalisen rakenteen kanssa. Maaritellyt vaaditut
ominaisuudet mahdollistavat useiden eri tuoteominaisuuksien suunnittelun samanaikaisesti.
Luotu ominaisuusperustaisen suunnittelun tydkalu tukee rinnakkaissuunnittelua.
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ABSTRACT

Antti Pulkki: Developing the concept phase of New Product Development: Property-Driven
Development model

Master’s thesis

Tampere University

Master's Degree Program in Automation Technology

May 2020

Focusing on the early phases of a New Product Development project is often seen as a critical
part of the overall success of the product. The goal of this thesis is to develop the concept
phase of a company’s new product development process and to create a tool to support this.
The origin for the research problem was to avoid setbacks during detail design. Related to
this, the correlation between the set product requirements and the finished product needed to
be managed. It was also distinguished that the early involvement of crossing functions is cru-
cial. Thus, the main implementations revolve around Concurrent Engineering ideology. Prop-
erty-Driven Development approach was chosen to support this.

The research was done to and during a specific new product development project. The re-
search strategy of this thesis is a holistic single case study. A literature review is done in order
to gain knowledge about existing development theories. Based on this, implementations were
done into the concept process to support the development. As the project progressed, the
applied frameworks were analyzed and adapted by the researcher and in workshops and
meetings with the project group.

The literature review consists of five main sections. The early stages of new product develop-
ment are described to further understand the framework of the subject. Concurrent Engineer-
ing, product architecture theory, Design for X and Property-Driven Development are re-
searched in more detail.

The results consist of forming a functional structure of a product and based on this, a product
architecture. The development process is started using a Property-Driven Development tool
that was created for the project. The tool uses the functional structure and the product archi-
tecture as a basis. All these outputs are analyzed to provide a description for the concept
phase of the target company’s new product development process.

It was found that most important outputs to generate during the concept phase are aesthetical
design model, functional elements, product architecture and a list of items to concept. Also,
required properties for the upcoming product need to be defined before starting the develop-
ment. Aesthetical design can be modelled simultaneously with functional structure and archi-
tecture. The defined required properties allow the project to focus on multiple areas of the
product in parallel. The created Property-Driven Development tool supports this framework.

Keywords: New Product Development, Concurrent Engineering, Design for X, Property-
Driven Development

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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CE Concurrent Engineering

COGS Cost of goods sold

DFX Design for X

FEI Front End of Innovation

FFE Fuzzy Front End

NCD New Concept Development Model

NPD New Product Development

NPPD New Product and Process Development

PDD Property-Driven Development



1. INTRODUCTION

To compete in the rapidly changing market environments, today’s companies are re-
quired to develop innovative products with high quality and short lead times. (Fohn, Greef
et al. 1995) To support this, new product development processes and tools have been
researched and developed widely. There’s for example Sequential (Fohn, Greef et al.
1995), Concurrent Engineering (Fohn, Greef et al. 1995), Stage-Gate (Cooper 2008) and
Lean Product Development (Wang, Ming et. al. 2011) approaches. However, most de-
velopment projects start somewhere to ultimately create a manufacturable product, that

will enable the organization to make profit. (Holt, Barnes 2010)

Research has been done on the importance of focusing on the front end of innovation.
Reports have shown that up to 70% of the total cost of a product is determined in the
early stages of the design process. (Shehab, Abdalla 2001) Thus, focusing on the early
stages will provide cohesion in organizations’ new product development projects. More-
over, the success of the development project is linked to how the product manages to
capture the customers’ requirements. (Kumar, Tandon 2017) This thesis focuses on the
concept process which has a strong correlation into the earliest stages of development.
The early stages of development projects are often described as “fuzzy” and abstract.
There are a lot of unknown variables when a development project starts. To develop a
product that responds to customers’ needs precisely, well-defined processes and prac-

tices are needed.

Concurrent
Engineering

Literature review on New
product Development
- Concurrent Engineering
- Product arcchitecture
- Design for X
- Property-Driven Development

Property-Driven
Development

Design for X
Product
architecture

Developing a product
in the coneept phase:
Results

Figure 1. The subject illustration of this thesis.



The focus in this research is on concurrent engineering and to support this, methods
from Design for X, product architecture and Property-Driven Development model are in-
vestigated and implemented. The research strategy chosen for this thesis is a holistic
single case study. The study consists of a literature review which describes the research
done in the methods mentioned above. In the empirical part, the concepting phase of a
product is carried through. The development is done with the methods researched in the
literature review and they are implemented during the concept phase of this project. (Fig-

ure 1)

The goal in this thesis is to provide a description of the new product development concept
process for the target company, which is briefly introduced in the next chapter. In addition
to this, a goal is to develop a tool, that enables concurrent engineering. The result is a
more coherent concepting process with more detailed structure to develop new products
using Concurrent Engineering principles. The next chapter describes the background
information for this thesis, defines the research questions and illustrates the structure of

the study.



2. PROBLEM SETTING AND FRAMEWORK

This research is structured around the domain of new product development. The moti-
vation to study new product development was founded on previous projects of the target
company. The new product development project this thesis was done in, was one of the
largest new development projects up to date in the target company. Thus, it was seen

important that also processes are developed to succeed in the new project.

Before the research topic was chosen, preliminary interviews were done in order to gain
input on the key areas of where processes need development. Four main aspects were
distinguished, and the research topic and problems were defined around them. It was
found that the correlation between set product requirements and a finished product was
crucial. The goal should be to capture as much customer value as possible in the devel-
oped product, thus emphasizing the correlation would be beneficial. Also, it should be
possible to define the maturity of the product thoroughly to avoid setbacks in detail design

and production.

In addition, the involvement of all stakeholders was seen as an important aspect. This
meant for example, involving production development and quality department as early
as possible. Related to this, the cross-functional information flow needed emphasis on
to ensure, that all stakeholders had sufficient information for their processes. As the pro-
ject was about to start in sync with this thesis, the study should focus on the concept

phase of new product development.

Based on the interviews and discussions with the thesis supervisors, Concurrent Engi-
neering (CE) was found a suitable framework as a basis. The basic idea in CE is that a
product’s all life-cycle phases are taken into consideration simultaneously. In addition,
the design work tasks are done in parallel. Three main goals were set for the study. The
research was to provide a description of the concept process. To support this, a literature
review should provide a foundation on the outputs. Lastly, a tool should be developed

that allows the project team to use CE as a framework.



Three research questions were defined for this thesis:

What are the most important outputs of a New Product Development project in

concept phase?
Which different outputs can be done simultaneously during the concept phase?
How can simultaneity be supported?

A product development project can be generalized to consist of four phases: specifica-
tion phase, concept phase, detail design phase, and commercialization. The emphasis
on this thesis is on concept phase of new product development. It was chosen to leave
out processes needed after concept phase is finished. The outputs before concepting
are discussed briefly. Figure 2 describes the subject area in the framework of new prod-

uct development.

This research

b4

Concept phase Detail design phase *  Commercialization

4

Specification pha:'se

Figure 2. A generalization of the phases of a product development process. This re-
search focuses on concept phase.

The target company the project was done in is a fast-growing manufacturing organiza-
tion, consisting of over 300 personnel worldwide. The company is quite young, and the
growth has happened in the past years. To match the need of rising amount of work and

complexity, new processes needed to be developed to support this.

This research was done in product development function. In this project, the active prod-
uct development team consisted of 7 persons. Around 40 cross-functional project stake-
holders were active from different areas: sourcing, production development, sales and
quality. The process development work was done with the active development team as
the project progressed and each output generated was implemented to support the pro-
ject. Workshops with the designers were held to polish the frameworks presented in this

thesis.

This thesis consists of 6 chapters (Figure 3). First chapter, introduction, laid a foundation
on the subject. This chapter described the framework of the thesis and on what basis it
is structured on. Chapter 3 goes through the research methodology and methods which

were used. Chapter 4 is the literature review, which consists of the elements relevant to
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Figure 3. The structure of this thesis.

this thesis: New Product Development, Front end of innovation, product architecture,

Concurrent Engineering, Design for X and Property-Driven Development (PDD).

In chapter 5 the results are gathered and described. It consists of the functional structure,
product architecture and the iteration of the concept with the PDD tool. Final chapter

summarizes the research, draws conclusions and suggests further development areas.



3. RESEARCH METHODOLOGY AND METHODS

At a fundamental level, the reasoning behind undertaking a research is to enhance one’s
knowledge about a specific subject. The goal is to either extend or create new
knowledge. Three types of research can be distinguished: descriptive research, explan-
atory research and predictive research. Descriptive research focuses on describing phe-
nomena without analyzing the reasons behind them. Explanatory research, in addition
to describing phenomena, also attempts to find causality in discovered information. Pre-
dictive research not only explains the phenomenon but also predicts the future of related
variables in a certain phenomenon. Usually a research includes all three aspects as is
also in this study. The theory section applies descriptive elements whereas results and

conclusions use explanatory and predictive research aspects. (Adams, Khan et al. 2007)

Two styles of reasoning can be distinguished in scientific research work: Inductivism and
Deductivism. Inductivism draws empirical conclusions from a finite amount of observa-
tions. Patterns or trends can be observed from the research framework to formulate a
generalized theory of the variable and similar phenomena of the same class. Deductiv-
ism relies on universal laws. A universal law is a hypothesis which remains the state-of
the-art theory unless otherwise proven. Research arguments are mirrored to the univer-
sal law related, and conclusions are drawn whether the theory is confirmed or not. In this
research, both aspects are used. The nature of this study is empirical, but the theory

foundation will also work as a platform for conclusions. (Adams, Khan et al. 2007)

In the dictionary of business research methods (Duignan 2016), empirical study is de-
fined as a research that uses experimentation to draw conclusions. It can also mean
observation and analysis of evidence that already exists. The basis of empirical research
is to gather information (measurable or observable) about a topic and interpret it for new
findings. Before gathering empirical data, pre-empirical content is formed. This includes
planning, setting research goals and questions and deciding methodologies. After the
empirical data has been gathered, recommendations, conclusions and confirmations are
defined. Figure 4 presents this framework, which also equals to the structure of this re-
search. (Haneef 2013)



Preéimﬁmml Empirical Content Post-Empirical Content
(Questions, methods, > _HHECU""""E”EE:ETIGHS. theory,
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Figure 4. The structure of an empirical study. (Haneef 2013)

An empirical research usually uses qualitative or quantitative approach. Quantitative re-
search is based on structured protocols which aims to gather quantifiable data from large
samples. The data is used to make generalizations and discover correlations in the re-
search subject. Basically, quantitative approach uses amounts of data to draw conclu-
sions. Qualitative research focuses on gathering certain data for the researcher to inter-
pret and analyze. The findings are usually themes and patters which are bound to a
context. This study uses qualitative research methods since the data gathered is inter-

preted and analyzed in the context of the framework presented. (Haneef 2013)

Research strategies can be divided into 7 categories: experimental, survey, archival and
documentary, ethnography, action research, grounded theory and narrative inquiry. Ex-
perimental and survey studies are linked to quantitative research approaches. Experi-
mental strategy seeks correlation between an independent variable and a dependent
variable. Typical for this strategy is setting hypotheses instead of research questions,
since the study is based on the data gained on the set quantifiable variables. Survey
strategy is often based on questionnaires from which the researcher collects data and

draws conclusions. (Saunders et al. 2019)

Archival and documentary research strategy focuses on using secondary sources, such
as open online archives. These external sources are used for another research than the
data was originally obtained for. When studying a social world of a group or a culture an
etnography is used. This is described as the earliest qualitative research strategy. In
Action research concrete action is taken in order to achieve results to analyze. This strat-
egy emphasizes on making changes by engaging participants and observing how it ef-
fects on the research subject. Grounded theory forms a theory from data and furthermore
testing the set theory from more collected data. A narrative inquiry is a story in which a

singular or a sequence of events is interpreted by the researcher. (Saunders et al. 2019)

A case study is a detailed inquiry into a context that has defined boundaries. This strat-
egy generates real-life observations of a phenomenon which result into empirical de-

scriptions and theories. In an empirical study, the what and why is analyzed to further



understand the correlations between the phenomena in the study. A case study can in-
volve both quantitative and qualitative methods. Furthermore, a case study can be di-
vided into a single study or a multiple case study. A holistic case study focuses on a
single unit (i.e. a department in an organization) as opposed to an embedded case study

which takes more units into consideration. (Saunders et al. 2019)

The research strategy in this thesis is a holistic, single case study. The target organiza-
tion, moreover, the product development function, is the unit in the research. The goal is
to analyze the concept development process and provide a framework and tools to en-
hance the performance. To support this, existing scientific literature is used as a basis

for applying changes into the process.

Literature review is used as a method in this thesis. Basis of a literature review is to study
and draw conclusions from existing research. Three types of literature reviews can be
distinguished: descriptive, systematic and meta-analysis literature review. Systematic lit-
erature review aims to compile relevant research knowledge of a certain subject. Essen-
tially the information gained can be used for decision making and forming best-practices

around the subject. (Salminen 2011)

Descriptive literature review (sometimes called traditional literature review) aims to form
a comprehensive compilation of a subject and to describe the phenomena versatilely.
There are two types of literature reviews: narrative and integrative. Narrative approach
doesn’t specifically filter the sources of information nor provide the most analytical result.
Integrative approach focuses on critical evaluation of sources and it can be seen as a
part of a systematical literature review. Sequentially described the systematical and in-

tegrative approaches are very similar. (Salminen 2011)

Salminen (2011) presents a 7-step framework for a systematical literature review based
on Finkin (2005) model (Figure 5). Research starts with setting the research questions
followed by mapping the literature and data bases used. Third phase is to form search
terms. The databases used mostly in this thesis were Tampere University search engine
ANDOR and Springerlink. General search terms included “concurrent engineering”,
“DFX”, “Fuzzy Front End”, “concept phase”, “Property-Driven Development” and “product

architecture”.
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Figure 5. Seven phases of a systematical literature review (Salminen 2011)

The fourth phase is to set practical filters such as language followed by a methodological
one, that aims to choose the most relevant sources. (Salminen 2011) Most of the sources
used in this study were written in English, a few in Finnish. Methodologically filtering,
relevance was used to target the most popular sources for information. Not because they
are the most informative ones, but an assumption was made, that sources that have
been quoted often, contain relevant information. Majority of the sources used in this the-

sis were peer-reviewed scientific articles or books.

The sixth phase is to execute the literature review. Final phase includes the synthesis by
reporting findings, analyzing them and making suggestions. If the study was quantitative
the synthesis would be compiling statistical data. This study is mainly qualitative and
therefore the synthesis focuses on forming qualitative conclusions from the results.
(Salminen 2011)

Theory foundation provided by the literature review was implemented and adapted into
the company’s processes. The outputs (process description and the PDD tool) provided
by this thesis were generated by two main elements. The researcher formed suggestions

to apply. When a proposal was mature enough, workshops and meetings were held with
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the project group to polish the ideas. There were many rounds of iteration as the imple-
mentations were critically analyzed to further develop the concepting phase. Ultimately,

the final versions of the outputs were approved with the NPD managers.
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4. LITERATURE REVIEW

Responsivity to rapidly changing customer needs is seen as a requirement for compa-
nies looking for competitive advantage. In addition to this efficiently delivering products,
maintaining high quality and customer satisfaction and cutting costs are qualities of suc-
cessful product development. To achieve these traits, companies are required to adapt
different processes and management frameworks that fit the organization. (Andreasen,
Duffy et al. 1998)

The process of developing new ideas into lucrative products is referred to as new product
development or NPD. First, new ideas go through internal and customer analysis. The
ideas found viable are generated into concepts for further information. The most potential
concepts enter the product development phase which includes prototyping and testing
within the company and among customers. Based on the feedback obtained, improve-
ments are made until desirable results in marketing research are reached and the prod-
uct is ready to be launched. A generalization of typical NPD phases can be found in
Figure 6. (Law 2009)

Stage 1 Stage 2 Stage 2
Idea generation Screening Business analysis

A

Strategic

Stage 4
Development

A

Generation of new service comﬁ;ﬁ:;ﬁ:&gﬁmﬁ the
QI.DrE?dUCt."D_m . organization's aims,
modification of existing obiectives. and resource
products or from new ! caﬁabiliteq

~_

Stage 5
Test marketing

V4

The commercial and
technical development of
the brand personality and
other aspects of marketing

Stage 6
Commercialazation

[

Project costed, sales
forecast, and profits
estimated

Tactical Implementation

Test launch to evaluate
NPD and business
objectives

~_

Launch regionally or
nationally against
objectives

Figure 6. A Representation of typical phases of a new product de-

velopment project (Law 2009)
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The following theory sections are divided into two main aspects which can be found in
Figure 6. The strategic approach, which considers the managing of NPD processes and
the tactical point of view which represents the tools. The first 4 stages found in Figure 6
are discussed in this study: idea generation, idea screening, business analysis and de-

velopment.

4.1 Frond End of Innovation

Focusing on the front end of an NPD project is critical for companies to succeed in their
innovation processes (Koen, Ajamian et al. 2001, Cooper 2008, Christiansen, Gasparin
2016). Front End of Innovation (FEI) is defined as a process that includes the pre-devel-
opment tasks. It is considered as finished when a company does the decision whether
to commit funds and resources to the development of the product or not to. (Khurana,
Rosenthal 1998) In this framework, the first three stages in Figure 6 would be included

in the pre-development tasks.

Front End of Innovation is also referred to as “Fuzzy Front End” (FFE), “idea stage”, “the
early stages” or “discovery stage” (Eling, Herstatt 2017). Koen et al. (2001) developed a
framework, The New Concept Development Model (NCD), for better under-standing of
FEI, which can be found in Figure 7. The five elements found inside the circle define the
five key factors in FEI. The Engine represents leadership and culture of the organization
and the influencing factors describe the environment (i.e. competitors, distribution, chan-

nels).

Koen, Ajamian et al. (2001) emphasize that the circular shape in Figure 7 represents the
way how NCD should be understood. The key elements found in the circle can loop back
and forth iteratively and in no specific order. They can also be considered happening
simultaneously which is visualized by the arrows. There’s constant interaction between
the influencing factors and the key elements. NPPD refers to New Product and Process
Development and it illustrates the transition to the development phase when satisfactory

results have been achieved. (Koen, Ajamian et al. 2001)

Opportunity ldentification describes different possibilities of expanding the company’s
market share. It can be a new product, an update for an existing one, a new manufac-
turing process or a new technological innovation. There are different tools companies
should use to identify these possibilities. Creative tools (e.g. mind mapping, brainstorm-
ing) and problem-solving tools (e.g. process mapping, casual analysis) are possible tech-

niques to utilize in the process. (Koen, Ajamian et al. 2001)
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Figure 7. The New Concept Development Model (NCD) consists of three elements: the
key components, the engine (leadership) and influencing factors (environment)
(Koen, Ajamian et al. 2001)

The opportunities identified require additional information to translate them into actual
business opportunities. Opportunity Analysis consists of processes to estimate the at-
tractiveness of identified possibilities. Market studies and scientific experiments may be
done in order to identify feasibility. This element can happen iteratively along with the

opportunity identification or be a part of a formal process. (Koen, Ajamian et al. 2001)

Idea Genesis describes the process of developing an opportunity into an idea. This pro-
cess includes modification, combining, iteration and reshaping while the idea is studied
and developed. The activity can be enhanced by including customers, users and co-
workers from other teams in the process. This element can be considered successful
when a more detailed description of the idea or a product concept has been achieved.
(Koen, Ajamian et al. 2001)

The ideas generated in NCD require screening and evaluating. Idea Selection element’s
focus is to define which of the ideas have the most potential for generating the most
business value. Getting a thorough estimation of the resources a project would need is
difficult in FEI and is usually “a wild guess”. Koen, Ajamian et al. (2001) propose that
more precise process models are needed. The fifth element of the NCD is Concept and
Technology Development and it involves developing a business case. It is built around

estimates of investment requirements, competitor assessments and overall project risk.
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Front End of
Innovation (FEI)

New Product and
Process Development
(NPPD)

Commercial-
ization

Figure 8. Three stages of innovation process presented by Koen, Ajamian et al.
(2001).

Typically, the business case evaluates the feasibility of the transition to the NPPD pro-
cess considering the requirements needed for the organization to allocate resources.
(Koen, Ajamian et al. 2001)

The innovation process can be divided into three phases as seen in Figure 8. The first
stage is the Front End of Innovation that is presented as the NCP-model discussed
above. Then happens the transition into the NPPD process and as the product has gone
through the whole development phase, it is ready to enter the commercialization phase.
Koen, Ajamian et al. (2001) emphasize that the circular shape of NCP illustrates the
iteration and flow between the different elements while NPPD is a well-structured se-

quential process.
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4.2 Concurrent Engineering

The traditional way to develop products happens serially and each output is communi-
cated after completion. Usually the design process begins with engineers analyzing the
product definition. The design team develops a product which correspond to the specifi-
cations, possibly without consulting manufacturing. The design is verified by simulations
and prototypes and handed to manufacturing department to approve manufacturability
and testability. Production schedule, production costs and a process plan are formed
based on the previous completed output. Finally, sourcing handles the orders for mate-
rials, tools and machinery. Quality function plans a process for their operations. Service
personnel design service and maintenance plans after manufacturing. The process is
illustrated in Figure 9. (Fohn, Greef et al. 1995)

Manufacturing
Testing

Design Engineering Quality

o o Service
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for Manufacturing
for Testing
for Quality
for Service

Figure 9. The traditional process of product development. All phases are done seri-
ally after completion of the previous output. (Fohn, Greef et al. 1995)
If challenges are discovered during development, the situation is handled by the corre-
sponding department. It is typical that the errors are detected in the later phases of the
project. As the problems found are handed to specific responsible functions, a holistic
view of the situation cannot be formed, which results into a longer lead time and a larger
cost of the product. (Fohn, Greef et al. 1995)

According to Smith (1997), Concurrent Engineering (CE) described in scientific literature

generally consists of 4 elements: evaluating manufacturing processes during product
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design, having cross-functionality within design projects, using lead time as an ad-
vantage over competitors and emphasizing the role of the customer in design decisions.
This generalization is also discussed in an article by Jo, Parsaei et al. (1993). However,
concurrent engineering fundamentals have been widely researched before the term CE

was coined. Earliest sources go back to the end of 19th century. (Smith 1997)

Considering manufacturability early in design will reduce costs and improve quality. Fail-
ure in this is often caused by lack of cross-functional information flow. Adding for example
marketing, finance, production and service departments in design discussions removes
functional barriers and enhances integrity of information. Furthermore, taking the cus-
tomer close to the design process is also typical for CE. Removing the barrier between
the designer and the customer can result into products that capture more value. Finally,
using lead time as a metric and competing in responsiveness is generally understood as

an advantage as market trends are changing rapidly. (Smith 1997)

The description provided by Fohn, Greef et al. (1995) is compared to a traditional devel-
opment process. However, it still captures the essence of CE. Instead of emphasizing
the manufacturing processes during design, all life-cycle areas are considered. Concur-
rent Engineering focuses on taking product’s different life-cycle phases into considera-

tion by engaging personnel from different organizational functions. Instead of traditional
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Figure 10. Concurrent engineering illustrated in a simplified format. (Fohn, Greef et
al. 1995)
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serial development, design phases are done in parallel. The goal is to distinguish prob-
lems and bottlenecks as soon as possible, resulting in a shorter lead time in bringing the
developed product to market. The number of iterations needed in CE is smaller than in
serial design since requirements of different functions are evaluated from the start of the
design project. This process is illustrated in Figure 10. (Fohn, Greef et al. 1995) Task-
related concurrency is also significant to the framework of CE. Groups related to the
project should optimize the workflow so that design can happen on multiple elements

simultaneously. (Quan, Jianmin, 2006)

Typical for today’s markets are short life spans of products which is the result of high
competition and rapid technological advancement. Also, a majority of a product’s profits
is gained early in the life cycle. Thus, a shorter lead time is crucial for companies who
seek for advantage over their competitors. The time from conception to market needs to

line up with the average product life. (Fohn, Greef et al. 1995)

The cost of the product is highly affected by the design. If life-cycle issues aren’t consid-
ered early in the design, substantial changes are difficult to make afterwards. There’s a
link between life-cycle costs and product design: the expenses to perform maintenance
on a product is related to the time used and the difficulty of the operations required. If
the design allows easy maintenance, life-cycle costs are smaller. 1 to 7 per cent of the
project total cost is determined by the design phase, whereas the design is accounted

for 70 to 85 per cent of the life-cycle costs. (Fohn, Greef et al. 1995)

In the Dictionary of Business and Management, Concurrent Engineering is defined as a
process where development stages are run in parallel. The goal is to shorten lead times
and reduce costs by for example starting production planning when enough information
about the developed product has been gained. Each stage of project tasks starts as early
as possible and a feedback loop can be formed between the operating functions to opti-

mize the parallelization of outputs. (Law 2016)

Studies have found that conflicts are common within CE teams. Different organizational
functions focus on certain details: marketing on usability, engineering on functionality
and purchasing on affordability. This can lead to false interpretations on the product
which causes lack of understanding and confusion among the project. (O'Neal 1993)
Involving relevant stakeholders in the early phases of development might shorten the
lead time of the development project. The communication between functions might result
into a more streamlined development process whereas delays in projects are often

caused by design changes. (Wognum, Trienekens 2015)
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4.2.1 Product architecture

Allocating functions of a product to physical components is referred to as product archi-
tecture. A product’s architecture is formed during the early stages of the development
process. The decisions made effect on the overall performance of the firm but also spe-
cific design issues. For example, the architecture influences on the possibility to make
product changes, resourcing internal and external assets, achieved technical perfor-
mance and manageability and organizability of the development project. Ulrich (1995)
divides product architecture chronologically into three elements. First, functional ele-
ments are arranged. Then the elements are mapped to corresponding physical compo-

nents. Lastly, interfaces are specified between them. (Ulrich 1995)

A function describes what a product does without considering the physical characteris-
tics. As the functions have been identified, a function structure can be created at different
levels of detail. A structure of a trailer could be presented with only 1 function: expand
cargo capacity. Developed further, elements distinguished could consist of minimizing
air drag, protecting cargo from weather, supporting cargo loads, connecting to vehicle,
suspending trailer structure and transferring loads to road. This example is illustrated in
Figure 11. (Ulrich 1995)
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Figure 11. A function structure presented by Ulrich (1995). Functional elements
have been identified and linked to external domains.

The more detail is brought into the model, the framework of what are the physical working
principles of the product, becomes more accurate. The function ‘expand cargo capacity’
doesn’t assume anything about where the cargo is and whether the product has functions

to transport it. In Figure 11 the more detailed description of functions allows to set a more
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holistic framework of the product to be developed. Functional elements usually interact
with other elements, or exchange signals, materials, forces and energy. However, some
elements, i.e. harmonize aesthetically with vehicle, aren’t linked with others. (Ulrich
1995)

After the function structure has been created, physical components are identified and
mapped to corresponding functionalities. In this context, a component is defined as a
physical part or a sub-assembly that is separable. Physical components execute the
product’s functional elements. The logic behind mapping the components can be one-
to-one, many-to-one or one-to-many. Two different examples of the mapping logic are
provided: Figure 12 and Figure 13. (Ulrich 1995)

protect cargo .
from weather Box
connect :
1o vehicle Hitch
minimize . =
air drag Fairing ﬁ-
suppnn
cargo loads Bed
> ~ Springs
trailer structure
transfier .
loads to road Wheels

FUNCTIONAL ELEMENTS COMPONENTS

Figure 12. One-to-one mapping of a modular trailer architecture. (Ulrich 1995)

Components identified in an architecture are connected by an interface. There might be
geometric connections between components (i.e. a keyboard’s key connected to a
switch) or a non-contact interaction (i.e. a bluetooth mouse’s connection to the usb re-
ceiver). In Figure 12 the box and a bed share a mutual interface which includes positions
and sizes of bolt holes and the maximum force to be sustained. The interfaces are de-
fined either coupled or de-coupled. A coupled interface requires that in order to make a
change in one of the components around the interface, the other needs changes as well.
A de-coupled interface is designed so that each component can be varied without making

changes to surrounding components. (Ulrich 1995)
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Architectures are divided into two classes: integral and modular. A modular architecture
(Figure 12) consists of a one-to-one mapping where interfaces between components are
decoupled. Each component corresponds to one functionality. For example, fairing’s
function is to minimize air drag. An integral architecture (Figure 13) is illustrated with a
complex mapping (non one-to-one). Components are linked to multiple functionalities:
protecting the cargo influences on the upper half, lower half and spring slot covers. The

interfaces might be coupled and de-coupled depending on the product. (Ulrich 1995)

iect cargo
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minimize nose piece
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Cargo loads siraps
suspend spring slot
trailer struct COVETS
transfer v
Toads 1o road wheels

FUNCTIONAL ELEMENTS COMPONENTS

Figure 13. A complex mapping of an integral trailer architecture. Functionalities
have links to multiple components. (Ulrich 1995)

Product performance can be defined as how the product executes the identified func-
tions. For example, the function support cargo loads seen in Figure 13, can be evaluated
by testing the maximum amount of cargo can be supported by the current design. (Ulrich
1995)

4.2.2 Design for X

Chapter 4.2 introduced the approach Concurrent Engineering, which focuses on consid-
ering the whole life-cycle of a product in the early phases of development. When the
development team is to manage a set of different aspects of a product simultaneously,
frameworks to support this are needed. Designers are required to expand their toolbox

beyond form and function. (Holt, Barnes 2010)
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Design for X (DFX) is an expression for a framework that focuses on a certain life-cycle
phase or a virtue of a product. The X stands for life-cycle elements like manufacture or
assembly or virtues like quality and cost. Each DFX technique focuses on a specific point
of view provided by the framework. Thus, integrating the DFX techniques into the con-
current engineering ideology is critical, instead of using them in isolation to each other.
In addition to highlight certain elements of a product, DFX also supports designers in
areas they are less familiar with. Table 1 presents different Design for X frameworks

which have been studied in the field of product development. (Holt, Barnes 2010)

Table 1. A list of DFX tools and their purposes presented by Holt and Barnes (2010)

Design for... Purpose

Manufacture and assembly Reduced production costs
Environment Reduced environmental impact
End-of-life Reduced environmental impact

Reduced disassembly cost/time
{leading to reduced reduced
Disassembly environmental impact)

Greater recycling

(leading to reduced

Recycling environmental impact)
Quality Greater user satisfaction
Maintainability Reduced maintenance cost
Reliability Reduced failure rate

Cost Reduced cost

Affective design Greater emotional satisfaction
Supply chain Reduced supply chain costs
Inclusive design Reduced design exclusion

Recognizing that the cost of a product is mainly determined by the design is the basis
for Design for assembly (DFA) and Design for manufacture (DFM). Products can result
in being less profitable and difficult to manufacture if manufacturing and assembly aren’t
considered in the design early enough. DFM techniques focus on simplifying compo-
nents for better manufacturability and DFA is based on combining parts for simpler as-
sembly process. This can lead to contradictions between the frameworks. Often, they
are considered as one framework, DFMA, which ultimate goal is to reduce the overall
cost by optimizing the trade-offs between assembly and manufacture. (Holt, Barnes
2010)
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Design for quality’s (DFQ) goal is to ensure that customers’ requirements are met (or
exceeded) and robustness of the product enables variations in manufacture. A common
technique for QFD is Quality Function Deployment (QFD) developed by Ako (1990). In
QFD, specific parameters of the design are related to customer requirements so that the

finished product will achieve best possible customer value. (Holt, Barnes 2010)

Typically, organizations do not develop products to offer functions. The basis of business
is to generate profit by offering functions that customers value and are willing to pay for.
Thus, most of development projects have ambitious cost targets and goals. Minimizing
the cost of a product is called Design for Cost and specifically constraining the cost is
Design to Cost. These tools use cost estimations and information available to quantify

the products costs in the current phase. (Holt, Barnes 2010)

Using multiple DFX tools and techniques concurrently will result in trade-offs in the prod-
uct’s properties. To mitigate this, preference information should be described. The prod-
uct should meet its intentional nature which should drive the decision of where trade-offs
are done. (Holt, Barnes 2010) For example, if a car’s tire ends up being too costly to
manufacture, a trade-off between the cost and another property need to be done in order
to meet the cost target. Tires are usually appreciated by their performance, which would
not be an applicable element to trade-off from. However, for example aesthetics or envi-

ronmental properties could be considered.

Holt and Barnes (2010) emphasize that in every relevant design decision, virtues and
life-phases are to be considered. In addition to DFX tools being used simultaneously,
they should be relevant during the whole development process, starting from the early
stages. If they are only partially or sequentially used, the benefits gained are limited and

might cause difficulties later in the design.
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4.2.3 Property-Driven Development

Product life-cycle management (PLM) is seen as a vital part of product development as
companies look for a coherent understanding of the whole life-cycle during early devel-
opment phases. Succeeding in this can lead to cutting costs, shorter development time
and better product quality. (Weber 2007) Property-Driven Development (PDD) is a mod-

elling approach that focuses on forming a holistic view of a product’s design process
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Figure 14. The characteristics and properties of a product. Analysis and syn-
thesis are ways to process the distinction. (Weber, Deubel 2003)

through the whole life-cycle (Weber, Werner et al. 2003, Weber, Deubel 2003, Weber
2007, Weber 2014).

PDD forms a distinction between two elements: characteristics and properties of a prod-
uct. The properties represent the behaviour of the product (e.g. weight, cost, manufac-
turability) while the characteristics describe the structure and the shape (e.g. material,
structure, geometry). Complex products can involve thousands of these two elements.
Thorough structuring is needed to enable the product development process flow appro-
priately. Figure 14 shows a proposition of how the characteristics and properties can be
processed. (Weber, Deubel 2003)
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The main activities during the product development process to distinguish the character-

istics and properties are analysis and synthesis.

- Analysis is a way of determining or predicting a product’s properties based on

known or given characteristics.

- Synthesis means assigning or determining a product’s characteristics based on
the required and given properties. Weber, Deubel (2003) emphasize that this is
the main function in product development as the customer is mostly interested in
the properties of a product. The task of designers is to find and assign the rele-

vant characteristics that satisfy the customers’ needs.

The PDD approach forms a network of relations between characteristics and properties.
Figure 15 and Figure 17 represent basic models of these two functions. The abbrevia-

tions used in this section correspond to descriptions found in Table 2.

Table 2. Abbreviations used in PDD models (Weber 2007).

Ci: Characteristics Rj: Relation between characteristics
P;: Properties R;": Relation between properties
PR;: Required Properties Dx: Dependencies between characteristics

EC;: External Conditions

When the product’s characteristics Ci have been identified the analysis (Figure 15) of
its properties Pj can be done by testing and measuring. At this point the product repre-
sents the relations R;. To determine the reason behind a certain property, tools and meth-

ods must be identified and established which is what the relation-boxes (R;) stand for.
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Figure 15. Model of analysis (Weber 2007)

Figure 16 shows a list of methods that can be used for analysing a property. (Weber,
Deubel 2003)

Dependencies (Dx) between different characteristics (Ci) must be taken into considera-
tion during product development process. The dependency might be for example geo-
metric, spatial, surface or material constrained: part A needs be the same width as part
B, part C needs to have the same material as part D. Mathematically thinking the de-
pendencies (Dx) are constrains that restrict the degrees of freedom in the product design.
(Weber, Deubel 2003)

e Guesswork, estimation e  Conventional/simplified calculations
e  Experience e  Computer tools, e.g.

e  Customer mterrogation — model-based, numerical solutions
e  Physical tests/experiments with — rule-based

_ ‘Lﬁlzz}f’,
— semantic/neural networks
— case-based reasoning

— models, mock-ups
— individual components
— (complete) prototypes
5 2 . L]
e Tables, diagrams (formalised experience
and/or experimental knowledge)

Figure 16. A list of tools and methods for the analysis process (Weber, Deubel
2003)

Synthesis (Figure 17) is an inverted activity of analysis. The product’s characteristics

(Ci) are determined based on the required properties (P;) that have been identified for
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Figure 17. Model of synthesis (Weber 2007)

the product in development. The relation boxes (R;™) refer to the tools and methods used
in synthesis. These tools are used to support the evaluation of a property. A list of meth-

ods supporting this process can be found in Figure 18. (Weber, Deubel 2003)

¢  Human genius' ¢ Inverted calculations

*  Association s  Computer tools
— technical patterns — model-based. e.g. structural optimisa-
— patterns in nature (“bionics™) tion. genetic algorithms

¢  Experience — rule-based

— semantic/neural networks

*  Standard/catalogue solutions 3
— case-based reasoning

*  (Collection of rules

*  Methodical/systematic approaches

Figure 18. A list of tools that support the synthesis process (Weber, Deubel 2003)

The PDD approach of product development process follows a certain pattern. Each step
of synthesis reveals and defines characteristics more closely. Mutually each step of anal-
ysis generates more detailed information about the product’s properties. The PDD pro-
cess can be seen as an iterative process that consists of analogous cycles. (Weber,
Deubel 2003)

One cycle is divided into four steps. The first cycle (cycle A) is modelled in Figure 19:

1. The initial point of the product development process is to generate a list of re-
quirements which are the required properties in the model (PR;). The develop-
ment starts as the designer picks certain properties. Based on these properties
the designer establishes the first characteristics (Ci) of the product. This is the

synthesis phase.
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Figure 19. The first cycle (cycle A) of a PDD process that includes four steps:
Synthesis, analysis, individual deviations and overall evaluation. The development
of a product requires many cycles of this pattern. (Weber 2007)

2. The second phase is to analyze the current properties (P;) from the characteris-
tics established in the first phase. The scope of the analysis is all relevant prop-

erties — also the ones that weren’t considered previously.

3. Third step is to compare the values generated by the analysis with the required
properties. The deviation values (AP;) will guide the design process’s focus on

the sections that need work.

4. The last step of the cycle is to perform an overall evaluation. This includes the
distinction of key issues and the decision which properties to take into consider-
ation on the next cycle and which methods and tools to use to evaluate them.
(Weber 2007)

The cycle is repeated (cycle B, cycle C, ...) and as a result more characteristics of the

product are identified, and the overall structure established. Each step of analysis keeps
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iterating the same properties which creates the need to use more exact tools and meth-
ods to evaluate the identified characteristics. The process is driven by the deviation value

(AP;) of current properties and required properties. (Weber 2007)
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5. RESULTS

The study of this thesis was done during a new product development project. All the
outputs that are presented here, were developed and implemented for the target com-
pany. Due to privacy reasons, the actual product and related components that were de-
veloped during the research, aren’t presented here. Instead, an example product, a stool,
is used to illustrate the results. The example isn’'t developed in reality, but the phenom-

ena described are real-life observations done during this research.

This chapter consists of four main sub-chapters: Functional structure, Architecture, PDD

tool and Description for NPD process. The chosen example will be used in all sections.

5.1 Functional structure

The concept phase started with distinguishing the functionalities of the stool with the
project group. The goal was to get a thorough understanding of what the customer actu-
ally perceives when using the product, without thinking about how the stool would look
like. The functionalities were gathered in a workshop with the designers and are pre-

sented in Figure 20.

Create a place to sit
down for 1 person

Create ergonomics

Create ability to rest
legs

Create a physically

safe element

Create comfortability

Create an
aesthetically pleasant
slement

Create ability to lzan Create sturdiness
back

Create high quality
surfaces

Meset fire safety
regulations

Create high quality
materials

Meet emissions
regulations

Figure 20. The established functionalities of the stool
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Figure 21. The functional structure for the stool

It was decided that the stool would be designed for 1 person. It should be ergonomic,
aesthetically pleasant and sturdy. High quality and regulation applicability were also seen
as functionalities that bring customer value. From this pool of functionalities, a functional
structure was formed to further distinguish the main areas that are valuable to customers.

This is presented in Figure 21.

This structure forms a basis on forming a product architecture. It was noticed that the
functionalities ensure that the product requirements are taken into consideration inside
the architecture. Each product requirement could be linked to one of the functionalities.
For example, “meet fire regulations” can refer to a common furniture flammability stand-
ard EN 1021 — 1 & 2 and “create comfortability” to a requirement that it should be viable
to work at least 1 hours on the stool comfortably. As the product’s foundation is based
on functionalities that can refer to product requirements, the end product will have the

set requirements fulfilled which ultimately leads to more customer value.

5.2 Architecture

The definition of architecture starts with visualizing a stool, with features that enable the
functionalities distinguished in chapter 5.1. The dividing logic and final architecture were

done in workshops with the designer team. The start point was to establish a few different
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versions of blocks and from there to iterate based on what supports the set product re-
quirements. Figure 22 presents an outlook model of the chair where components have

been initially identified.

Back rest

Cushion +fabric \

Seat frame

Back restframe

Back restbeam

Leg rest Mid beam

Figure 22. Visualization of the stool. Initially, the components have been identi-
fied to support the forming of architecture.

As was established in the functional structure, the stool needed to enable leaning back
and resting legs. This meant that there would be a leg rest and a back rest. The outlook
model doesn’t necessarily have to be polished yet, but main dimensions and features
should be close to ready in order to avoid rollbacks in architecture. For example, if the
leg rest attaching point was moved from mid beam to foot, the architecture might have

to be modified.

A modular approach was considered at the start. Customer value could be added by for
example having the option to choose whether the product has a foot rest or a back rest.
The goal was to produce a mass-produced chair with high quality components and there
was no target for designing a product family around this specific product. Taking into
consideration the schedule, resources and business case, it was decided that integral

architecture supports the overall project.

Figure 23 presents 4 options to divide the stool into blocks. Option A1 has the product
partitioned in 3 blocks. The middle block consists of the foot, mid beam, seat frame and

cushion. Back rest and foot rest are separate blocks. Option A2 is made of 2 blocks,
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A1 - 3 blocks A2 - 2 blocks

A3 - 6 blocks A4 - 4 Blocks

Figure 23. 4 different versions of architecture dividing logic

where the cushion is separate. They would be efficient for supply chain as there are very
little number of components to process. However, the logistical expenses would be
higher since the product is in larger partitions. Also, the design work would require higher

complexity since the blocks have many functionalities integrated.

Options A3 and A4 have a higher number of blocks. Option A3 consists of foot, foot rest,
mid beam, seat frame, cushion and back rest. Option A4 has the seat frame, cushion
and back rest combined. Ultimately option A3 was chosen most viable. The blocks are
small enabling lower transport costs and design work can be optimized since different
blocks enable different functionalities. This also leaves less complexity for suppliers to
manufacture the blocks thus supporting the high-quality requirements set for the product.
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As the architectural approach and the partition logic was decided, the architecture is also
presented with the functionalities established in Chapter 5.1. This ensures that the cho-
sen option takes each requirement into consideration. The functionalities are linked to

blocks in Figure 24.
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Figure 24. The developed architecture presented with each corresponding functionality.

As can be seen, many functionalities overlap in each block. For example, the function to
create an aesthetically pleasant element is on every block but seat frame. The seat frame
isn’t really a visual component, so its functionality is to create the sturdiness and be the

interface for cushion, back rest and mid beam.

5.3 Setting up the PDD framework

The tool that is presented is a result of interpreting the framework Weber defines in
Chapter 4.2.3. It is illustrated as a combination of different internal and external factors
(Figure 19). Based on this, the main elements that should be found in the tool are char-
acteristics, properties, required properties and dependencies. It was chosen to create
the tool in Microsoft Excel as it is well known and quite easy to use. This sub-chapter will

explain the reasoning behind each feature selected for the PDD tool.

Once the architecture is established, two different outputs are done before concept iter-
ation starts. As discussed in chapter 4.2.3, the PDD framework focuses on forming a
distinction between two elements: characteristics and properties. A basis for character-
istics is formed from the product architecture. The properties are defined from the product

requirements and functional properties that were distinguished previously.
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The properties distinguished bring value to the end customer — directly or indirectly. The
required properties chosen for the product will drive which features of the product will be
well-defined. Figure 20 listed functionalities of the product and based on this, required
properties are chosen. In addition, general properties are added (e.g. manufacturability,
cost), which are also listed in the theory section of PDD, in Figure 14 by Weber (2007).
It is also valuable to go through the logic behind each property, as they would vary de-
pending on what kind of a product is under development. The following paragraphs will

go through each chosen property and its definition.
Ergonomic properties

A stool's ergonomic properties are what the customer experiences when using the prod-
uct. Often, it is one of the deal breakers when choosing a stool thus it is chosen as a

property to be tracked and developed.
Aesthetic properties

It was established at the start of the project that the product to be developed is a design
product. This means the customers the product is developed for, appreciate outlook. The

product should also be in line with the brand and what it stands for.

Quality

The brand that is manufacturing the stool is known for its high-quality products.
Cost

The cost target is analyzed based on previous products and the target market segment
will form a base for what the cost target will be for the product. This stool will be targeted

for higher mid-market.
Manufacturability

Manufacturing technologies chosen for the product should ultimately support the target
lead time. This also puts emphasis on the partners chosen to manufacture the compo-
nents for the product. The suppliers’ capacity and ability to provide good quality are crit-

ical for the end product.
Environmental properties

The environmental requirements were identified in product requirements. Fulfilling these

will bring customer value and positive marketing possibilities.

Safety



35

In some market areas, certain standards or regulations are mandatory to comply. It is
important that they are taken into consideration during the concept phase. This also in-

cludes physical safety.
Transportation properties

Smaller components take less space thus lowering the costs of transportation. It also

influences how they are packed — components can be damaged during transport.
Installation properties

Customer value is added if the end product is easy to assemble and there’s no room for

installation errors.
Life-cycle properties

When the product reaches its end of use, it should be easy to disassemble and recycle.

There are also properties that add value to the customer in the long run.
Usability properties

The product should be intuitive to use. It is distinguished from ergonomic properties since

a stool can be ergonomic but difficult to use and vice versa.

11 properties were chosen for the PDD framework. Most of them are general properties
that could be applied for any product that is developed. For example, quality, cost, man-
ufacturability and life-cycle properties could be analyzed in nearly any project whereas
ergonomic and aesthetic properties might be more situational. A usb cord isn’'t neces-
sarily evaluated by the ergonomic properties or a car’s brake disc isn’'t appreciated by

the outlook, but the cost and quality are both interesting to customers.

In addition to the required properties, a list of items to concept is distinguished before
the PDD tool is set. The items are the blocks that were generated in architecture: cushion
covered with fabric, foot, foot rest, seat frame, back rest and mid beam. These are moved

to the tool and dependencies between each other are added.

Each item needs ways of proofing the concept. As the concepting is iteration, Figure 16
presents ideas how to analyze items each round. Distinguishing how each stage of iter-
ation is analyzed is critical for the concept as the evaluation data is what drives the con-

cept process as stated in chapter 4.2.3.

The basis for evaluating can be varied to one’s personal preference. This research ended

up using a scale of 0-3 when evaluating the maturity of concepts. Halves and quarters
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Table 3. Evaluation criteria for the PDD tool

No information about the required property
Many errors or a critical error in design
Room for improvement

Target property reached

N = |0

3
can be used to adjust the score. The basic idea behind using this specific scale was to

have the estimations clear. Having only 4 steps results in data that is easy to manage
and to interpret. If the scale was for example 0-5 instead, there would most likely be a
lot of 3s and 4s which results in a lot of average ratings and there would be no clear
differences between components. Table 3 presents each value and its criteria. It was
chosen that a specified group of people perform the analysis together through the whole
project, so that there is as little variance in subjective estimations such as outlook or

usability.

The configured PDD tool can be found in Figure 25. The dependencies are seen in the
first column (A, B, etc.) which indicates the components that have correlation to each

other. This means for example that the cushion design can be started simultaneously

with the mid beam design.

Depi - |Characteristics - |Proaf of concept - |Requirements - |Statut - | - |Deite - | - |Required properties ~ |Specific properties - |Read - &
Characteristics-related maturity: Overall maturity: property breakdown
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Confidence factor: al properties
Ergonomic properties | ﬁﬁp Life-cycle Aesthetic
CD“: properties properties
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Quality | Transportatio e
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Figure 25. The PDD tool configured for concepting
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In the framework Weber (2007) presents, characteristics are defined to component level.
In the tool created, characteristics column includes the blocks that were distinguished in
the product architecture. During the design, components within the blocks are added,

but to keep the tool unambiguous they are not added inside the characteristic.

Proof of concept -column lists the chosen methods to analyze the concepts. For exam-
ple, it's identified that the cushion design starts with samples from different suppliers.
From there small prototypes can be ordered with the chosen specifications. After a few
rounds of prototypes, the most viable ideas have been recognized and full-scale proto-

types are produced to make final analyses of the concepts.

Requirements -column refers to the product requirements that were set in the specifica-
tion phase. The cushion is referred to dimensional and safety requirements. For exam-
ple, a common fire safety standard for seats is EN 1021 — 1&2, cigarette and match
which is a test where flammability is tested with a lit tobacco and a lit match and observed
how the flame spreads. The requirements are linked to the corresponding components

through the whole development project.

The red column is used when analysis is done, and points are given to a concept. On
the right, the green column are the targets set for each property. Between these two,
there’s the delta value which indicates how many points each concept is behind the tar-
get. On the right side of the tool, the required properties are listed for each concept. A
summarization of product requirements and the most important properties are given in

the specific property column to help the analysis process.

The overall product maturity analysis is done with two variables: characteristics related
maturity and overall maturity, which Weber (2007) presented in the article. Characteristic
maturity is calculated by evaluating how ready the concept is physically. The character-
istic-related maturity of a component reaches 100% when a full-size prototype is pro-
duced with similar technologies used in mass production. Before this, it is an estimate of
how mature the characteristic is based on what is known and what has been discovered

with smaller prototypes.

Overall maturity is a sum of each required properties’ score in relation to the target. The

property maturities are also calculated separately and visualized in the spider web chart.

5.3.1 PDD first round of iteration

When the PDD tool is set up, resources are split between components and how they are
developed simultaneously. Components that have no correlation to each other, for ex-

ample cushion and mid beam, can be separate sub-projects (Figure 25). Components
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that have dependencies (i.e. mid beam and frame) need to be resourced so that the
information flow is sufficient for the design work to succeed concurrently. The next three

chapters will present a hypothetical design process of the cushion covered with fabric.

As approved in the outlook model, the cushion is rectangular with rounded corners. The
design process starts with ideating different possible manufacturing technologies for the
cushion and fabric. Possible suppliers are contacted, and samples ordered of potential
technologies. Weber (2007) refers the transition from properties to characteristics as

synthesis and emphasizes that this it is the designer’s main task.

The first evaluation round happens when samples have been received and enough data
has been gathered from design work to perform an analysis of the situation. Every re-
quired property identified are taken into consideration right from the start. At this point,
there might be some properties that cannot be evaluated with little or no information, but
they are still kept in the design loop. Figure 26 shows an example of the first round of

iteration.

8 Ergonomic properties Optimized softness for sitting

3 Aesthetic properties Aligned with the design portfolio
3 Cost 15e

3 Manufacturability Mass-producable 15k/y

8 Safety Fite safety regulations passed

o

N R

Samples from suppliers

Small it
A |cushion covered withfa o P o Apes
Full scale prototype

(mass-produced tech)

See:dimensions, safe = = 3
R 3 Transportation No defects during transportation

3 Quality High quality lock and feel

3 Environmental properties  Recyclable foam, recycled polyester fabric
3| Installation properties Intuitive to install

8| Life-cycle properties Easy to recycle after end of life

Figure 26. Cushion concept example evaluated with the PDD tool

As the concept being in its early phases, there was no data possible to gather how the
cushion will be installed to the end product, hence the property value 0. The initial quo-
tation was 1.5 times higher than the target, thus lowering the score of the required prop-
erty to half. It was evaluated, that the characteristics-related maturity was at 30% which
means that 70% of knowledge about the concept is yet to be discovered. There might be
multiple concepts of cushions and multiple concepts for other components also. All these
are carried through to the second round for expanding the knowledge about the con-

cepts.

5.3.2 PDD second round of iteration

As preliminary samples from different type of cushions and fabrics have been received,
small prototypes can be manufactured. The prototypes should have a short lead time, in
order to gain quick information on feasibility. They should also have the right dimensions

to perform more detailed ergonomic tests and evaluate the outlook.

The data gathered from the first iteration is used to focus the design work on the proper-

ties that were seen challenging. In the example in Figure 26, the cost and installation
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properties would be elements that have emphasis on the second round. Installation prop-
erties require feedback from production development and cost optimizing from sourcing.
As the amount of information is increasing, other functions should be involved more ac-

tively in the development process.

The analysis presented in Figure 27 is based on the quick prototypes. The prototypes
had correct dimensions and aesthetics but weren’t made with technologies used in mass
production. As can be observed from the example, the quality and ergonomic properties
weren’t as good as it was thought in the first round. This can be quite typical in the con-
cepting process. A lot of assumptions are used until information is gathered, and different
properties will vary. The characteristic-related maturity was evaluated at 70%, since the

analysis was done based on a physical prototype.

1 3 Ergonomic properties Optimized softness for sitting

3 Aesthetic properties Aligned with the design portfelio
3 Cost 15e

3 Manufacturability Mass-producable 15k/y

3 safety Fite safety regulations passed

Samples from suppliers
Small prototypes

Full scale prototype
(mass-produced tech)

A Cushion covered with fa See:dimensions, safety 0.7

3| Transportation No defects during transportation

3 Quality High quality look and feel

3 Environmental properties  Recyclable foam, recycled polyester fabric
3 Installation properties Intuitive to install

3 Life-cycle properties Easy to recycle after end of life

-
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Figure 27. Cushion concept example evaluated in the second round of iteration.

At this point there should still be a few concepts per component to analyze. Also, as there
is more knowledge on the components, for example organization’s quality function can
be involved more closely to integrate the upcoming possible components in the quality

processes.

5.3.3 PDD final round of iteration

In this example, three rounds of iteration are presented. There are numerous rounds of
this design cycle and the evaluation happens in real time while designing. Not neces-
sarily each design cycle is documented at a certain point, but they are summarized at
certain points to gather overall data. In this research the points when to summarize the
data were set with the project’s schedule in mind. An alternative way could be to iterate
the design during developing and not have certain points of feedback. Evaluations would
be done as they are ready, and the final estimation would be done when seen appropri-

ate.

The decision of which concepts continue to the final round of iteration is based on data
gathered from the previous concepts. At this point, enough information should be avail-
able that less potential concepts can be discarded and the focus shifts to manufacture

full-scale prototypes of the ones that seem viable.
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Figure 28. The final evaluation of the stool concept. All the components have been
analyzed.

Figure 28 presents a final maturity analysis of all the components. The analyses are
based on full-scale prototypes that were manufactured with or close to technologies used
in mass production. Characteristics-related maturities were set to 100% since the proto-

types can be considered equivalent to the actual product.

With the full-scale prototypes, quality, sourcing and production development can make
more in-depth analyses regarding their processes. It is possible, that certain properties
will have lower scores at the point of decision making. For example, the cushion’s instal-
lation properties (Figure 28) has the value of 1,5. An approximation need to be done if
installation will be a problem during detail design or can it be solved with certain solu-

tions.

It might be valuable that at least two concepts of each component are carried through to
the final estimation. The data obtained from the analysis might prove useful in later
phases of the project. It is possible, that the idea chosen ends up causing difficulties in
areas that weren’t considered thoroughly in the concept phase. Thus, having experience
on alternative ways to reach target properties will help reacting to sudden challenges. Of
course, this is a resource question also. Developing multiple concepts concurrently takes
more resources or time and the organization needs to evaluate when to drop out less

potential candidates.
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Typically, nothing is ever perfect, so the decision to pursue detail design is based on
minimizing risks and trusting that enough information has been gathered about the tech-
nologies and concepts chosen. Most likely the overall product maturity won’t reach 100%
even after detail design, since there is always room for improvement. Of course, the
score is also related to the requirements set — if the requirements are not ambitious, the
product will reach maturity sooner. Ideally, none of the concepts need major design
changes during the detail design. Thus, emphasizing heavily the concept phase will en-
able the organization to succeed in the detail design phase and ultimately in the new

product development project.

5.4 Description for NPD concept process

Based on the previous outputs in this chapter, a description for a New Product Develop-
ment process was established. The process was updated as the project progressed. The
process description was formed based on an existing one in the target company and was
polished with the project's NPD managers. It illustrates specifically how the NPD project
that was related to this thesis, was carried out. The process description consists of out-
puts that should be generated during the development. It shows which outputs should
be done at what point of the project as well as which should overlap. There are also roles
specified for each output. The templates used to generate them are not shown in the
description. This is a conscious decision, as the templates should be polished and mod-

ified overtime. A full-size figure of the process can be found in Appendix A.
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Figure 29. Specification phase of the NPD process

Even though the specification phase of a development project wasn'’t in the main scope
of this research, it is good to understand which outputs were generated before proceed-
ing into the concept phase as they have correlation to the outputs during concepting.
Customer need analysis sets a basis for the business case and product requirements.
These initial steps are as important as the concept development following them as dis-
cussed in Chapter 4 and 4.1. Product requirements lay a foundation on which properties
are distinguished in the product to be developed. As data has been gathered from these
outputs, the organization will make the decision whether to pursue the project or to re-

specify requirements. The specification phase is illustrated in Figure 29.

The concepting starts with outlook design and establishing the functional elements,

which are done concurrently. Both are linked to the specified product requirements in the
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Figure 30. The start of concepting phase

specification phase to ensure that the output will be aligned with the initial intention. Out-
look designing is an iterative process which might include numerous rounds of proposi-
tions, each time closing in to the desired result. As the outlook is being iterated the func-

tional structure can be generated for the upcoming product.

As the design proposition is close to an approved result, product architecture designing
is started. This is also an iterative process which involves different propositions of how
to divide the product into physical blocks. As the polished outlook design is approved,
architecture can be adjusted and approved. This part of the process can be found in
Figure 30.
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Figure 31. Concepting cycle of the NPD process

Figure 31 illustrates the last phase, concepting cycle, of the NPD process. Before starting
the design work, a list of components to concept are generated based on the architec-
ture. Simultaneously product’s required properties and relevant proofs of concepts for

each component are established. These outputs are then moved to the PDD tool.

The design team works closely with the supply chain and sourcing departments as the
concepting starts. Design propositions include input from potential suppliers and supply
chain tracks the production capabilities of potential ideas. Generally, cost of the product
is important to any development project, thus it is illustrated as an output separately.
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Concepts are evaluated through the PDD tool, when the designer has enough infor-
mation about the chosen technology for a component. This phase includes numerous
rounds of this design cycle, as many propositions for the same component can be de-

veloped simultaneously.

The overall maturity of the components is evaluated when the design seems mature
enough. If the project is viable for detail design, chosen concepts are carried to the next
phase. The decision to move to detail design is based on evaluations, which were dis-

cussed in chapter 5.3.3.

Designing outlook and architecture concurrently leads to a shorter lead time of the de-
velopment project. It was noted that there might be some delay and challenges making
the architecture, if the direction for the outlook is still open. If the organization wishes to
invest in resource efficiency, a possibility would be to design the outlook before moving
to the concept phase of the development project. The specification phase might take a
longer period, but it also could be started earlier, since the development team can work

on other projects in the meantime.

The decision to move to detail design should have great emphasis on. In new product
development projects, it is common that technologies new to the organization are used.
If there are components with variables with little experience on, it is possible the concept
isn’t ready for detail design, even though it may seem so. It is resource consuming and
costly to return to the concept phase during detail design. It also creates possible modi-
fications to components around the concept that was approved previously. There’s a risk
for having to change everything around the failed concept thus resulting in a delay on

the schedule also.

Regarding the stool used as an example product in the previous chapters, a delay might
be caused for example by a design flaw or a misjudged manufacturing technology. If
during detail design the mid beam needs thickening in order to reach target sturdiness,
the foot rest and the seat frame both need modifications in order to keep the interfaces

compatible. It can add up to changing the total cost and manufacturability of the product.

Cross-functional information flow needs to be active. When areas of development are
done concurrently, personnel related to each component should always have enough
information. If there’s lack of it, it might influence the basis of how the decisions are made
for approving different components. This can lead to difficulties in detail design. A key
role in information cohesion is also on suppliers and partners in the project. As they are
responsible for certain components, they should also be as well informed as possible in

each phase to ensure everyone are in sync.
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For example, during the stool concepting, mid beam thickness changes to double the
original. Purchase department keeps track of the COGS of the product as the design
matures. At the point of decision making to move on to detail design, the purchasers
might have flawed or old information about the costs as the design has changed quickly.
This is noticed during detail design. Ultimately, it might have an effect on the whole con-
cept chosen, depending on how tight the cost target is. If there’s a need to change tech-
nologies during detail design, either schedule or resources need reconstructing to reach

the initial target.
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6. SUMMARY

The goal of this research was to form a description for a New Product Development
process in concept phase. Emphasis was set on Concurrent Engineering and to support
this, the Property-Driven Development tool was developed. This chapter evaluates the
solutions to set problems for the research, analyses main aspects what to develop further

and discusses the success of this study.

6.1 Information gained on set problems

Research problems were set in chapter 2. Three main problems were identified, and

summarized answer are given in this sub-chapter.

What are the most important outputs of a New Product Development project in

concept phase?

Aesthetical design model as its own is needed to have a good basis on engineering work.
To put emphasis on product properties that bring value to the customer, functional ele-
ments are distinguished and formed into a functional structure of the product. Product
architecture is formed based on the aesthetical proposition and functional structure. A
list of items to concept can be generated from the product architecture. Required prop-
erties are established for the product to be developed before starting the mechanical

design iteration.
Which different outputs can be done simultaneously during the concept phase?

When the organization has decided to kick-off the development project, aesthetical de-
sign iteration and the forming of functional structure can start at the same time. When
the main ideas for the product outlook have been decided, product architecture can be

designed. Outlook can be polished in the background.

During the concept development, product’s required properties can be developed simul-
taneously depending on chosen technologies and maturity of the design work. Also, var-
ious components of the product can be developed at the same time. The further the
design progresses, the more precision can be added on simultaneous outputs. This pro-

cess is described in Appendix A.

How can simultaneity be supported?
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The developed Property-Driven Development tool, described in chapters 4.2.3 and 5.3,
allows the design team to focus on multiple required properties of the product concur-
rently. Different properties require different expertise thus involving personnel of different
organizational functions. To achieve the best possible result during the concept phase,
open and active cross-functional flow of information is needed in addition to using the
PDD tool.

6.2 Need for further studies

The results of this study were critically evaluated and key elements for further studying

were distinguished.

At the start of concepting, there are multiple unknown variables which are to be devel-
oped during the iteration process. For decision making it would be beneficial to further
investigate which variables are most critical for the concept. If the decision to pursue
detail design is based on non-relevant data, it will be costly and resource-consuming to
change technologies during detail design and it will influence the schedule of the whole

development project.

Daily development tasks would benefit from tools to solve everyday problems. The con-
cepting iteration involves multiple rounds of design proposals and with each component,
some properties need substantial effort compared to the ones that the designer and or-
ganization already has experience on. To investigate which kind of problem-solving tools

work well with the PDD framework would be a good addition to the flow of the process.

In its current form, The PDD tool that was developed is mostly suitable for product man-
agers and project managers. It also requires know-how and training in order to run the
concept process with the tool. Polishing and simplifying the tool so that designers could
use it on their daily tasks could lead to a more efficient concept process as the data

acquired from developed properties would be updated in real time.

The tool is also dependent on the users evaluating property maturities. Some can be
calculated without interpretation (i.e. fire regulations passed, electrical regulations
passed) yet others are more of an educated estimate (i.e. aesthetical design, usability).
Further studies on how to find as precise as possible evaluation of each property will

make the concept process more reliable.

As the tool created was new to the organization, there was no previous data about pre-

vious new product development projects. Studying the progress of maturity values at
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certain points of a project might help the organization to distinguish what different ma-
turity values tell at different steps. This could also help the decision making during the

project.

6.3 Discussion and success of the research

The research was conducted within the project team and was modified as the project
advanced which might cause lack of validity. There is room for human error, and the
decisions made during the project might have been affected by the project schedule and
surrounding circumstances. The theory basis, especially PDD, for this thesis was inter-
preted to provide tools and processes for the project. Misunderstandings are possible
when implementing larger theory foundations, but considering the results, significant er-

rors seem improbable.

The results provided in this thesis were targeted to a specific new development project.
However, the PDD tool and the process description will be used in future NPD projects
in the target company as well. The descriptions might be relevant to any other manufac-
turing firm, that is investigating their concept processes. It is highly unlikely that the pro-

cesses could be retrofitted but using them as a basis for a similar approach is possible.

The ideas and elements of this thesis have been researched quite thoroughly by different
authors. There might be some novelty value in this specific combination of elements.
Product architecture has a well-established theory background but combining it with aes-
thetical design might result in new discoveries in the field of product development. Over-
all, the PDD approach might not be that well known in traditional product development
as it is quite a new framework. The more PDD is researched and implemented into pro-
cesses, it might lead to more companies getting interested in the basic idea of Property-

Driven Development.

With the described NPD process the transition from product requirements to actual prod-
uct concept is logical and will be quite intuitive to use in future NPD projects. Taken into
consideration the elements further to be developed, accuracy and relevancy of the pro-
cess will develop. A well-defined foundation for a new product development project was
laid. The targeted problems were resolved, and all the developed frameworks were im-
plemented into the actual NPD process. However, each process should be optimized for
the target company. In the next new product development project, decisions and imple-
mentations made in this thesis should be challenged to further discover what are the key

elements in the concept phase.
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NEW PRODUCT DEVELOPMENT

CONCEPT PROCESS

APPENDIX A
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