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Abstract: 
This thesis analyses the use of value models as boundary objects to support decision making during 
conceptual design of Product-Service Systems. Compared to requirements-based models, value 
models are claimed to enhance understanding of the design problems and customer needs, as well 
as to help the design team in creating more value adding solutions. The work of this thesis was to 
prepare, conduct and analyse a series of design experiments, which are are based on the continuous 
observations of designers’ verbalized design considerations. Protocol analysis was conducted to 
investigate how value models perform as boundary objects in design, in comparison with 
requirements-based models. The time spent on each different activity in the protocol has been used 
as main proxy in the experiment. Data triangulation was ensured by the use of a questionnaire that 
was answered by all participants. Both methods revealed that in the preliminary phase, value 
models are more effective than requirements-based models in conveying intuitive value-related 
information, assessing intangibles value aspects, and encouraging discussions on value concerns. 
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In the market filled with fierce competition, a company has to complete the whole process of 
product development design within a compressed time frame. The completion requires to acquire 
knowledge as early as possible, especially in preliminary design. A design team always consists of 
designers from different departments. This ensures the knowledge acquired covers different 
varieties. Meanwhile, to guarantee the effectiveness of collaboration between departments, a 
boundary object is needed. It enables the whole design team to share the knowledge, understand the 
design problem, and finally support rational decision making.  

 

The purpose of this thesis is to explore how a value model can work as an effective boundary 
object to complement the traditional requirements checklist. 

 

The research question for the thesis is:  

How can value models support decision making in preliminary design?  

This question is cascaded down to three sub-questions:  

• How can a value model support decision making in preliminary design? 

• How to define relevant metrics to assess the effectiveness of value models as boundary 
objects?  

• How should a design experiment be set up to validate the appropriateness of value models?  

 

The work of this thesis is to verify that a value model can support decision making. Literature 
review, protocol analysis, questionnaire, and triangulation are main methods applied in this thesis.  

 

Protocol analysis showed that the use of value-based tables encouraged design teams to more 
openly discuss the design problem domain in the early stages of the design process. Value-based 
tables also resulted in a shorter discussion on hardware and longer discussion on service during the 
process of proposing solution. Besides, value-based tables enabled design teams to generate more 



categories of solutions. Through the use of the value-based table, design teams trended to concern 
more on customer value as well. Triangulation with the questionnaire supported these findings. 

 

This thesis focused on enhancing the use of value model to support early-stage decision making in 
the conceptual design of product-service systems. In this thesis, whether and to what extent value 
models influence decision makers to select the optimal concept are qualitatively verified. The 
outcomes reflected that value models enhanced the awareness of understanding the design 
problems, encompassed a wider range of values, and enhanced the awareness of customers and 
stakeholders.   
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Nowadays manufacturing companies are facing with fierce competition everywhere. This forces 
companies to make changes rapidly from multiple aspects. The introduction of sustainability is a 
good selling point for the products. Besides, effectiveness is another factor considered. A company 
always has to complete the whole process of product development design as early as possible. 
Meanwhile, the development process also has to be well-thought-out.  However, a company also 
has to shorten the period of revenue generation and payback to investors effectively. It requires the 
company to complete the whole process of product development design faster and possess a well-
thought-out development process. With a well-thought-out development process, a product 
development design team can deliver specific solutions. And these solutions are able to adequately 
cover customer needs.  
In the early stage of product development, generating design concepts of a common product 
requires the contribution from a product development design team. This team always consists of 
engineers from different departments. The design requirements collected by these engineers mostly 
introduce confusion and are even in contradiction (Ullman, 2003). One example is that in industrial 
companies there may be a gap between customer needs as observed by marketing professionals and 
the technical specification as applied by engineers (Otto and Wood, 2000). Finally, it causes 
ineffectiveness of the whole product development process. Chase Manhattan Bank is an example. 
The bank formed a product-development team by integrating both product group and sales group. 
This team ended up with schedule lag and hostility between members (Deutsch, 1990). The lack of 
understanding of the factors determining the effectiveness of cross-functional product development 
teams (Pelled and Adler, 1994) and the lack of attention to necessary and unnecessary constraints 
in subsequent phases of product design process (Dupagne, 1991) are the main reasons. Barclay 
(1991), Chan (1989), Schmidt et al. (1972), Shaw (1981) claim that conflict resulting from 
heterogeneity may influence team effectiveness as a critical factor. The influences include 
performance declining (Brown, 1983), productivity shrinking (Moos and Speisman, 1962), 
turnover or withdrawal boosting (Connerton et al., 1979) (Walton and Dutton, 1969) and lack of 
innovation (Dupagne, 1991).  
In order to address the different views and perspectives which are typical of cross-functional teams, 
support methods and tools are needed. Previous literature highlights the role of “shared artefacts” 
as a catalyst for individuals to exchange ideas and grow mutual understanding on a topic. The 
growth of mutual understanding, to some extent, helps filling in understanding gap. These “shared 
artefacts” are named “boundary objects” by Star and Griesemer (1989). 
Boundary objects were defined by Star and Griesemer (1989: 393) as “objects which are both 
plastic enough to adapt to local needs and the constraints of the several parties employing them, 
yet robust enough to maintain a common identity across sites.” Collaboration across functions 
within a company, or even across companies, can be undertaken by boundary objects even without 
consensus (Star, 2010). Using boundary objects, common trust within the team can be developed 
and stable working relationships achieved (Kimble et al., 2010). A powerful boundary object can 
lead a product development design team to encourage understanding, since it bridges the 



knowledge gaps between practices and facilitate the process by knowledge sharing (Carlile, 2002). 
Forgues et al. (2009) propose a few examples of what a boundary object is in the domain of IT: 
repositories, standardized forms, representative models and maps of boundaries. All these objects 
are utilized to break knowledge barrier in a collaborative environment. In the process of product 
development, boundary objects are necessary as well. 

In the domain of Systems Engineering, identification of an optimal design concept also requires 
boundary objects. As boundary objects, traditional methods target the improvement of efficiency 
and effectiveness of the product development process and information sharing (Rese et al., 2005).  
Differing from the traditional methods (Roedler and Jones, 2005), Value-Driven Design combines 
customer expectations with product attributes. Besides, through what-if analysis, values can be 
interpreted as drivers for design (Isaksson et al., 2013). Soban et al. (2012) also pointed out that a 
Value Driven Design approach provides a quantitative evaluation with scalar scores based on value 
functions. The evaluation executes with iterative loops. It means that a new optimal concept with a 
higher score always replaces the old one after a contrast.  
Currently, more and more design researchers (Collopy and Hollingsworth, 2011) (Cheung et al., 
2012) (Ross et al., 2010) start to use Value-Driven Design instead of traditional methods when 
designing systems and sub-system in the early stage of product development, especially in the 
conceptual design phase. Traditional methods, such as requirements checklists, are proven to 
support decision making. However, whether VDD support decision making in preliminary design 
and whether VDD as a boundary object support decision making in a more effective way than 
traditional methods in conceptual design are still problems. 
 
  



The purpose of Value Driven Design is to support early-stage decision making for product, services 
and combinations of them (such as Product Service Systems). Isaksson et al. (2013) believes that in 
the early phase of product development, Value Driven Design complements and strengthens the 
traditional requirements-based process, since this approach emphasizes on the maturation of 
requirements through iterations in extended enterprise. Besides, the value focus and maintenance of 
subsequent development work are also the factors. The requirements in different levels could be 
communicated instead of in isolation, so that the coordinate activities in common work could 
effectively handle conflicts. In this spirit, a value model effectively acts as a boundary object. The 
aim of this thesis is to verify experimentally the effectiveness of value models as boundary object 
within the preliminary phases of design.  

The guiding research question of this thesis can be concluded as follows:  

Question 1: How can value models support decision making in preliminary design? 

 

This question is cascaded down to the following three questions: 

Question 1.1: How can a value model support decision making in preliminary design? 

Question 1.2: How to define relevant metrics to assess the effectiveness of value models as 
boundary objects?  

Question 1.3: How should a design experiment be set up to validate the appropriateness of value 
models?  

 

In this thesis, to help researchers observe team designers’ behaviours easier, a specific case was 
adopted. A set of frame and drum was set in this case. It was a sub-system of a small asphalt roller. 
This set was developed with two solutions (“old” and “new” frame and drum solutions) before. 
Both of these two solutions were based on customer requirements. However, it was supposed that 
there was still a big space of improvement for this set. Customer requirements, as inputs, were 
provided to part of team designers. Meanwhile, customer values were introduced and provided to 
the other part of team designers. Both two types of teams’ behaviours were observed to see how 
customer requirements and customer values respectively influence the product development 
process. 

Furthermore, a product development process includes five phases: concept development 
(conceptual design), system-level design, detail design, testing and refinement, and production 
ramp-up (Ulrich et al., 2011). Since most part of Product-Service System values are determined in 
the phase of conceptual design, this thesis mainly focuses on this phase. 

With the support of existing literatures, the work of this thesis is to verify that a value-driven model 
can support decision making. Furthermore, design experiment was facilitated to reveal how value-
driven model support decision making. Through the results of design experiment, protocol analysis 



was used to make the comparison between value-driven models and requirements checklists. So the 
strengths and weakness of both value-driven models and checklists in the phase of conceptual 
design could be revealed.   



A mixed research methodology, which contains both qualitative and quantitative methods, was 
used in this thesis. These methods include literature review, a questionnaire, and an experiment. In 
addition, in this chapter, the hypotheses, corresponding variables and success criteria are presented. 

The whole thesis experienced four stages of a Design Research Methodology (DRM): Research 
Clarification, Descriptive Study I, Prescriptive Study and Descriptive Study II (Blessing and 
Chakrabarti, 2009). Different methods were implemented in each stage (see Table 3.1). 
 

Table 3.1. Research methods and stages of DRM 

Research Mothed Research 
Clarification 

Descriptive 
Study I 

Prescriptive 
Study 

Descriptive 
Study II 

Literature 
Review X X X  

Questionnaires    X  

Design 
experiment    X 

 

 

Literature review is a starting point of research work (Creswell, 2013). In this thesis, the literature 
review explores the existing problems in the early stages of product development, provides the 
evidence of the importance of value models and how value models link to decision making in the 
early stage of product development. Besides, the literature review also justifies the importance of 
boundary objects by successful cases in other domains. 

Relevant contributions from the literature have been retrieved by means of full-text search in 
several relevant databases and journals. A number of databases have been searched, collecting 
articles within the domain of engineering design and product development. Table 3.2 presents these 
sources. 

 
Table 3.2. Databases and links 

Database Name URL 
INSPEC http://www.theiet.org/resources/inspec/ 
COMPENDEX http://www.engineeringvillage.com/  
ELSEVIER http://www.elsevier.com/ 
SPRINGER http://link.springer.com/ 
SCOPUS http://www.scopus.com 
ISI WEB OF SCIENCE http://apps.webofknowledge.com/UA_GeneralSearch_input.do?product=UA&

search_mode=GeneralSearch&SID=X2zCl35zX2GfgJe8irQ&preferencesSave
d= 

Google Scholar https://scholar.google.se 



 
The search in the above list of databases and journals has been conducted using combinations of 
keywords, belonging to three main groups, as shown in table 3.3 below. 
 

Table 3.3. Keywords 
PD process-related Value-related Knowledge-related 
product development Value boundary object  
product design value model shared artefact 
innovation value driven design coordinative artefact 
engineering design   
concept design   
concept selection   

 

The papers have been firstly shortlisted on the basis of their title, then on the basis of their abstract. 
The remaining has been considered in the literature review presented below. 

In order to ensure the best possible coverage in the literature review, the following list of journals 
has been shortlisted and reviewed in detail. The list includes major journals in the domain of 
Systems Engineering, where the Value Driven Design and value-model concepts originate from, as 
well as journals in the domain of engineering design and project management. Journals in the 
social science domain have been also considered to further highlight the meaning of boundary 
objects (see Table 3.4). 

 
Table 3.4. Journals, Publishers, and Links 

Journal name Journal 
acronym 

Publisher URL 

Journal of Systems Engineering SE  INCOSE http://www.incose.org/ProductsPu
blications/periodicals/SEJournal 

Journal of Aerospace Operations JAO IOS Press http://www.iospress.nl/journal/jour
nal-of-aerospace-operations/ 

Journal of Engineering Manufacture P I MECH 
ENG B-J 
ENG 

SAGE http://www.scimagojr.com/journal
search.php?q=20406&tip=sid 

Artificial Intelligence for Engineering 
Design, Analysis and Manufacturing  

AI EDAM Cambridge 
University 
Press 

http://journals.cambridge.org/actio
n/displayJournal?jid=AIE 

Journal of Information Technology in 
Construction 

ITcon CIB http://www.cibworld.nl/site/about_
cib/encouraged_journals/details.ht
ml?encid=8 

International Journal of Project 
Management 

IPMA  ELSEVIER http://www.journals.elsevier.com/i
nternational-journal-of-project-
management/ 

Social Studies of Science SSS SAGE  http://sss.sagepub.com/ 
Design Studies DS ELSEVIER http://www.journals.elsevier.com/d

esign-studies/ 
Research in Engineering Design  RES ENG 

DES 
SPRINGER http://link.springer.com/journal/16

3 
Journal of Engineering Design: JED Taylor and 

Francis 
http://www.tandfonline.com/toc/cj
en20/current#.VS5WBc7fpxI 

Concurrent Engineering Research and 
Applications: 

CERA SAGE http://cer.sagepub.com/content/by/
year 

International Journal of Product IJPD Inderscience http://www.inderscience.com/jhom



Development e.php?jcode=ijpd 
 

In addition, the proceedings of relevant conferences in the engineering design and product 
development domain have been included in the search (Table 3.5). The search has been limited to 
the last 10 years. 

 
Table 3.5. Conferences, Years, and Links 

Conference name Years URL 
Hawaii International 
Conference on System 
Sciences 

2005-2015 http://www.hicss.hawaii.edu/ 

European Conference on 
Information Systems 

2005-2015 http://ecis2015.eu/ 

International Conference of 
Engineering Design 

2005-2015 https://www.designsociety.org 

DESIGN conference 2004-2014 https://www.designsociety.org 
CIRP IPSS2 conference 2005-2015 http://web2.uwindsor.ca/hoda/ipss2014/public_html/index.php?li

d=48 

 

Questionnaires, which “are used to collect thoughts, beliefs, opinions, reasons, etc., from people 
about the past, present or future facts and events, by asking questions” (Blessing and Chakrabarti 
2009: 269), are one type of data-collection methods. Formulating questions, constructing both open 
and closed questions are the main processes of this method. The quality of the questions relies on 
unambiguity, attraction, speed to answer and answerability. Besides, biases or suggestions should 
not be brought into questions. So in this thesis, the combination of open and closed questions was 
adopted. Each question was designed to be unambiguous, attractive, answerable and answered with 
a moderate speed. 
The questionnaire was designed for the 22 students who participated in the experiment. Both test 
groups (value-based table teams) and control groups (requirements-based table teams) shared the 
same questionnaire. It was composed of the result part with 6 questions, table process part with 5 
questions and three open questions. The questionnaire features the use of of visual analogue scale 
(VAS), a technique first introduced by Aitken (1969).  

 

Design experiment, as a quantitative method or an empirical study, is to observe behaviours and 
collect data. The output of design experiment can be processed by using protocol analysis, which is 
a derivative of “think aloud” methods. Designers are required to think aloud so that thoughts of 
designers can be verbalized and recorded (Van Someren et al., 1994). Protocol analysis is a way to 
analyse the recordings from the experiment. On the basis of the think-aloud method, protocol 
analysis introduces the application of a domain-dependent coding scheme (Gero and McNeill, 



1998). In addition, the protocol can be segmented as well. The temporal aspect of the design 
process can be observed and a series of designer’s activities which last for at most tens of seconds 
also can be captured in this approach (McNeill et al., 1998). 

In this thesis, the experiment was run to redesign and develop a set of frame and drum of an asphalt 
roller. As inputs, value-based tables and requirements checklists were respectively provided to 
different design teams. The objective of this experiment is to collect data from design teams’ 
behaviours in the phase of conceptual design. 

Different research methods have been applied to answer the 3 proposed research questions, as 
shown in Table 3.6.  
 

Table 3.6. Research methods and research questions 

Research Mothed RQ1 RQ2 RQ3 

Literature 
Review X X X 

Questionnaire  X X 

Design 
experiment X  X 

 

A hypothesis is defined by Blessing and Chakrabarti (2009: 59) as “a tentative answer to a 
research question in the form of a relationship between two or more concepts, or in our case, 
between two or more influencing factors, including the Success Factors. That is, a hypothesis is 
a claim statement about a characteristic of a situation or a proposed explanation for a 
phenomenon”. According to the evidence given, hypothesis testing result is always “accepted” or 
“rejected”. The null hypothesis and the alternative hypothesis are always defined before hypothesis 
testing. “The null hypothesis, states that there is no difference in the parameter. It is always the 
hypothesis to be tested. The null hypothesis is either rejected or not rejected” (Pereira and Leslie, 
2009: 188) “The alternative hypothesis is the hypothesis that is kept when we reject the null 
hypothesis. The alternative hypothesis states that there is a difference in the parameter after the 
experiment or intervention has been done.” (Pereira and Leslie, 2009: 188) Therefore, we can 
explain that when the null hypothesis is rejected, the alternative hypothesis will be true.  

In this thesis, after a series of experiments with design teams, protocol analysis was run on the 
basis of three hypotheses as follows: 

 

Hypothesis 1: The value model, compared to requirements checklists enhances the awareness 
of understanding the design problems, by conveying intuitive value-related information. 

The underlying hypothesis of the study is that value-related information helps decision makers in 
enhancing awareness about design trade-offs by conveying intuitive value-related information 



(Collopy and Hollingsworth, 2011). And meanwhile, it is uncertain to what extent of the intuitive 
value-related information is complete, trustworthy, and accurate (Darlington et al., 2008). This 
causes the lack of confidence of decision making by intuitive value-related information. To 
strengthen the confidence of decision making, design team has to dig out the rationale behind 
intuitive value-related information. Therefore, intuitive value-related information also stimulates 
design teams to gain the knowledge which mainly enables to better understand the uncertainties 
instead of reducing those uncertainties directly (Stacey and Eckert, 2003). Managing uncertainties 
requires design teams to gain a deeper understanding of the status of the knowledge base 
(Johansson et al., 2011).  

 

Hypothesis 2: The value model, compared to the requirements checklists, encompasses a 
wider range of both tangible and intangible information during concept generation and 
selection. 

A product can be split into tangible objects, such as hardware and intangible objects, for example, 
service (Vargo and Lusch, 2004). Intangibles are always interpreted based on the knowledge, 
emotions and experience after the customer uses the product (Bertoni et al., 2011). Value model is 
able to reveal customer value even without using the experience of a product by embedding 
intangible criteria (Steiner and Harmon, 2009). With these intangible criteria, the value model 
enables the design team to assess the whole system in the preliminary design of a project. Being 
able to assess intangibles encourages design team to consider service and software more. It also 
enriches the sort of solutions without a high concentration on hardware.  

Single hardware-based solutions cannot enable a company to survive in a market. The focus of 
competitive market shifts from product to function, since function provides an in-depth 
understanding of customer value (Isaksson et al., 2009). A combination between products and 
services called Product Service System (Goedkoop et al, 1999) is needed. Product-Service System 
offers efficiency to (1) solve problems, provide solutions, (2) reduce life cycle cost and waste, and 
(3) generate considerable revenue (Isaksson et al., 2009). Generating solutions with diverse 
categories instead of pure hardware-oriented solutions approaches PSS to support the rational 
decision.  

 

 

Hypothesis 3: The value model, compared to the requirements checklists, enhances the 
awareness of customers and stakeholders by encouraging value concerns. 

The value model analyses customer needs with keeping an eye on these value concerns so that 
customer value can be uncovered and the ambiguity of customer needs is minimized. With high 
confidence of the input of customer needs, design team is encouraged to focus more on customers 
and stakeholders in order to add value into the solution (Atuahene-Gima et al., 2005). 

Requirements are changed, prioritized, compromised, balanced, and finally not always succeeding 
to come up with an expected solution (Almefelt et al., 2006). Extra time and cost have to be 
devoted in order to rework on searching for expected solutions. Therefore, paying more attention to 
customers and stakeholders during the process of conceptual design is necessary. 



Companies develop products with higher value to customers over the opponents so that customers 
become satisfied and sales eventually rise (Zhang, 2012). Furthermore, the focus of value enables 
companies to fulfil the targets including profit maximization, increase of market share, increase of 
stakeholder value, and satisfying employee (Keeney, 2004). 

 

As the hypotheses described to answer the research question, (1) enhancing the awareness of 
understanding the design problems, (2) encompassing a wider range of values, and (3) enhancing 
the awareness of customers and stakeholders are respected as important impacts of decision making 
in the early stage of product development. The awareness of understanding the design problems 
was measured by using the time spent on understanding problem. This measure was well-defined in 
micro-strategies of protocol analysis. A wider range of values was measured in two different 
aspects. The first aspect was the shift from one orientation of PSS to the opposite. Considering the 
object used in the experiments is a product-oriented PSS, the shift can be specified from pure 
product to service. And the time spent on discussing hardware and on service were two measures. 
In another aspect, the range could be reflected as the categories of solutions, so this was another 
measure. The awareness of customers and stakeholders was measured as the time spent on 
discussing customer values. This measure was defined as stakeholder view in PSS dimensions of 
protocol analysis. 

 

Variables are “characteristics of a situation or phenomena that can change in quantity or quality” 
(Blessing and Chakrabarti 2009: 91). One variable always can vary with at least two values. 

Success Criteria (Blessing and Chakrabarti 2009: 26) “relate to the ultimate goal to which the 
research project or program intends to contribute. These criteria usually reveal the purpose of 
the research and the eventual, expected contribution to practice”. 

The effect of value model developed in concept development is the main object of protocol 
analysis. To analyse this effect, how much value model can support decision making is measured. 
It is reflected in the shape of the life cycle, cost, efficiency, capacity, maintenance, serviceability 
and intangible value. And the measurements finally offer customers and stakeholders a Product-
Service System with a higher value.  

In the thesis, as Table 3.7 shows, two variables and two success criteria related are set to support 
the test of the first hypothesis. Three success criteria with respect to two different variables are 
used to test the second hypothesis. One success criterion with one variable related is proposed for 
the third hypothesis. Setting these variables and success criteria are mainly on the basis of the 
Reference Model formed in Figure 3.1. 

 



 
Figure 3.1. The Reference Model  

 

The earlier making the understanding is achieved, the less cost and time it will take (Ullman, 2003). 
Thomke (2001) pointed out that Toyota successfully cut down the cost and time of development 
30%-40% by implementing front-loading development in the 1990s. Early problem solving 
accelerates the product development cycle and enabled Toyota to overtake the fast change of 
costumer’s taste (Thomke, 2001). Sufficient knowledge (Galbraith, 1973), which helps to solve 
problems at earlier stages, guarantees product quality as well (Thomke, 2001). For these reasons, 
the two success criteria, increase the time spent on understanding problem in the first two quarters 
and decrease the time spent on understanding problem in the second two quarter were set.  

The receptivity of Product-Service Systems (Cook, Bhamra, and Lemon, 2006), which includes 
hardware and service perspective, increases in firms. The tendency of the product and service 
development is to replace pure products or services design with use-focus design (Isaksson, 
Larsson, and Rönnbäck, 2009). In the fixed time during preliminary design, a part of time spent on 
pure products or services has to shift to the opposite. Considering the object used in the 
experiments is a product-oriented PSS, the shift can be specified from pure product to service. For 
these reasons, (1) time spent on talking about hardware when proposing a solution and (2) time 
spent on talking about service when proposing a solution were both regarded as the variables. The 
shift implies (1) the reduction on time spent during hardware design, (2) expansion on time spent 
during services design and the whole system design. Designers must (1) have insight into customer 
needs and (2) make empathy to customer effectively (Isaksson, Larsson, and Rönnbäck, 2009). 
Product-Service System combines components, parts, and subsystems together in order to meet 



certain customer needs. It also creates innovative system-level solutions by building a design 
platform, which can develop products in terms of (1) shortening schedule, (2) lowering costs and (3) 
enriching variety (Evans, Partidário, and Lambert, 2007). Therefore, the expansion on the variety 
of solutions can be a supposed success criterion. The integration or combination between hardware 
and service in the final solution is not part of the study. 

Viewing the problems from the perspective of customers and stakeholders requires looking into 
specific customer problems as initial inputs (Pugh, 1991) (Pahl et al., 2007) (Ulrich et al., 2011). It 
enables the design team to come up with the solutions. These solutions never derivate from 
customer requirements (Isaksson, Larsson, and Rönnbäck, 2009). A customer-oriented solution can 
constrain the risk of quality failures and misunderstandings between customer expectations and 
promises (Isaksson, Larsson, and Rönnbäck, 2009) (Hooks and Farry, 2001). More efforts of focus 
on customer requirement always represent the enhancement of awareness of customers. For these 
reasons, time spent on talking about customer value on the total time was taken into account. 

 

Table 3.7. Hypotheses, variables and success criteria for the experiments 
Hypotheses Variables Success Criteria 
The value model, compared to the 
requirements checklists, enhances 
the awareness of understanding the 
design problems, by conveying 
intuitive value-related information. 

Time spent on understanding 
problem 

Increase the time in the 1st and 2nd 
quarter 

Decrease the time in the 3rd and 4th 
quarter 

The value model, compared to the 
requirements checklists, 
encompasses a wider range of both 
tangible and intangible information 
during concept generation and 
selection. 

Time spent talking about hardware 
when proposing solution Decrease the total time 

Time spent talking about services 
when proposing solution Increase the total time 

Categories of solutions Increase the total time 

The value model, compared to the 
requirements checklists, enhances 
the awareness of customers and 
stakeholders by encouraging value 
concerns. 

Time spent talking about customer 
value Increase the total time 

  



In this section, the author introduced related literature. The theories include the concept of Product-
Service Systems (PSS) in Section 4.1. In Section 4.2, conceptual design is presented where both 
concept generation and selection are presented. The concept of rational decision making is 
explained in Section 4.3. Value-Driven Design (VDD), as the tool used to support rational decision 
making, is introduced in Section 4.4. Section 4.5 presents boundary objects, one of whose 
representative is Value-Driven Design. In Section 4.6, the author explains the theory of design 
experiments. 
 

The focus of competitive market shifts from product to function, since both customers and 
providers can benefit from increased customer value, a higher long-term return on investment and a 
more stably managed cash flow (Isaksson et al., 2009). Focusing on functions instead encourages 
the providers to keep the ownership of equipment and ensure the efficiency of equipment. In this 
way, maintenance and repair need not be charged to customers but providers (Alonso-Rasgado et 
al., 2004) (Brännström, 2004). A Product-Service System offers efficiency to solve problems, 
provide solutions and reduce life cycle cost and waste (Isaksson et al., 2009). 

Product Service Systems were first conceptualized by Goedkoop et al (1999). PSS are defined as 
“A Product Service-System (PSS) is an integrated combination of products and services. This 
western concept embraces a service-led competitive strategy, environmental sustainability, and 
the basis to differentiate from competitors who simply offer lower priced products” (Baines et al. 
2007: 1543). Mont (2001) developed this definition so that networks and infrastructure were 
considered. Morelli (2003) drew the attention on the transition from new product creation to ready-
made resources integration. Cook (2006) firstly divided Product Service System into three 
categories: Product-oriented, Use-oriented and Result-oriented PSS (Williams, 2007). (See Table 
4.1) The PSS solution includes both tangible and intangible term. The tangible term represents 
physical products while intangible term stands for services. Both of two terms complement each 
other and enable Product-Service Systems to reach the perfection. 

 

Table 4.1. Definitions and examples of categories of PSS 
Terms Product-oriented PSS Use-oriented PSS Result-oriented PSS 
Definitions  When the customer 

obtains a product, an extra 
service also can be 
provided to guarantee the 
use of the product 

A customer only has the 
right to use a product in a 
valid period 

A company sells the result 
which customers are eager 
to reach. The customers 
can pay for the outcome 
when both quantity and 
quality of this system 
satisfy them. There is no 
possession of a product or 
a service all the time. 
Instead, customized 



requirement could be met. 
Examples A microwave bound with 

a couple years’ warranty 
Car sharing Voicemail 

 

The tendency of the product and service development is to replace pure products or services design 
with the use of focus design. Designers must have insight into customer needs and make empathy 
to customer effectively. This implies the expansion on time spent during services design and the 
whole system design.  

Product-Service Systems are intended to benefit customers (who use the function designed), 
manufacturers (who produce, maintain and reproduce the equipment supporting the function), and 
the environment/society (Ostlin et al., 2008). Among these three parties, customers require specific 
functionality while providers solve problems with PSS solutions regarding the functionality. 

Redesigning a sub-system, for example, the frame and drum, requires designers to re-think of and 
re-analyse the functions of the frame and drum as an entire PSS solution. It means besides 
hardware design, services design and even the whole system should be taken into account. Product-
Service Systems involve the field of mechanical engineering, electronic engineering, marketing, 
manufacturing, sustainability, and economics. With the development of this complex system, a 
design team must obtain multiple categories of knowledge. In the team, a product design from 
different perspectives may bring conflicts. This will decrease the efficiency of this process and 
undermine the confidence of the whole team (Barclay, 1991) (Chan, 1989) (Schmidt et al., 1972) 
(Shaw, 1981). Therefore, a way to speak in one voice is what the design team looks for. 

 

Concept development, which is also called conceptual design, is one of the most critical activities 
in the product and service development process (Wang et al., 2002). It requires iterating the whole 
front-end process, including identification of customer needs, the establishment of technical 
specification, concept generation, concept selection and final test of concept selected (Ulrich et al., 
2011). A concept is defined as “a sketch or a rough three-dimensional model and is often 
accompanied by a brief textual description” (Ulrich et al., 2011: 118). In a concept, the way a 
product meets customer needs must be clarified. Design concepts are usually represented using a 
sketch, a 3D model, or a brief description in words.  

As the design paradox goes in product development, the amount of knowledge about design 
problem is in inverse proportion to the degree of design freedom (Ullman, 2003). Figuring out a 
design problem requires a design team to obtain sufficient knowledge about it. The knowledge 
always leads the change of the product. The design team must contribute time to gaining the 
knowledge. When the command of knowledge becomes mature, the process of the product 
development is always in the mature stage as well. Both the resources and efforts become limited. 
This causes making changes of the product to be less flexible for the design team in this stage. 
Therefore, the design team has to take actions to obtain more knowledge as early as possible. In 
other words, the actions require a stronger awareness of making more efforts on understanding and 



analysing the problem from designers. And meanwhile starting the actions in the early stage of 
conceptual design is also needed.  

 

Concept generation is a divergent stage of conceptual design. It is composed of several activities 
that include: (1) clarifying problems by interpreting the customer needs and specification, (2) 
searching for alternative concepts both externally and internally, (3) exploring the solutions 
systematically, and (4) reflecting on the solutions by integrating alternatives (Ulrich et al., 2011). 
The input of this process is a set of customer needs and specification targeted while the output is a 
set of concepts generated. The purpose of concept generation is to dig out potential competitive 
product concepts meeting customer needs. 

A good concept generation can never deviate from an early and thorough exploration of alternative 
concepts. The benefit of this action is to reduce the likelihood of delivering a superior concept late 
or the risk of a superior product from a competitor (Ullman, 2003). The traditional principles of a 
thorough exploration include: (1) considering as many alternatives as the design team can, (2) 
drawing useful concepts from others, (3) involving all the team members, (4) integrating solutions 
which are partially promising and considering all the categories involved. The expression of these 
principles themselves is ambiguous. The measures of (1) how many alternatives are sufficient for a 
design team, (2) the usefulness of concepts, (3) the promisingness of partial solutions, and (4) how 
categories cover the whole scope are all difficult but necessary. 

Relatively low cost and proceeding fast are two characteristics of concept generation compared 
with other stages in product development. Both of them encourage design team to carry out the 
process of concept generation with sufficient efforts. However, although in traditional concept 
generation there are several methods to stimulate design team’s creativity, concept generation still 
relies on the designers’ experience and the ability people born with (Bryant et al., 2005). Therefore, 
the accumulation of design knowledge and rationale prior to concept generation is critical.  Bryant 
et al. (2005) and Vries (1994) both stated that quantification and formalization of concept 
generation met a challenge on selecting an appropriate part of the process. An approach to 
formalizing concept generation in an appropriate way is necessary. 

 

Concept selection is the convergent process of evaluating design concepts  (1) an integration 
of all the information from previous stages, (2) identification of customer needs, (3) identification 
of technical specification and (4) concept generation (Ulrich et al., 2011). As output from this 
process, the most promising concept or concepts will be identified. A structured concept selection 
can be separated as two stages: concept screening (a rough comparison between concepts generated 
and benchmark in order to narrow down the range of alternatives) and concept scoring (a more 



precise analysis of the alternatives in order to identify the most promising concept). These two 
stages have the same steps. Both of them start from (1) the design of selection matrix, (2) 
experience rating alternative concepts, (3) ranking the alternatives, (4) disadvantages of 
some concepts, (5) combining the advantages of them, (6) selecting at least one concept, and (7) 
finally end with  (Ullman, 2003). 

Ulrich et al. (2011) stated the following suggestions on concept selection, which may bring design 
team benefits: 

Concept selection may conduct a product which highly focuses on customer needs. 

Comparison with the benchmark (the latest product always) during concept 
selection may lead to a competitive design.  

Consideration of specification when selecting concept may enhance the 
manufacturability of the product.  

Covering all the departments involved in product development may make the 
understanding of product easier and faster.  

Objective criteria set in concept selection may result in effective decision making 
without the risk from personal bias.  

A record of the rationale behind concept decisions may provide a flexible platform. 
The platform enables (1) new members to comprehend and (2) the whole team to 
assess the sensitivity of making changes in customer needs.  

 

Bhattacharya et al. (1998) claimed that to adapt the change of design without penalty from rapid 
environment changing, the development system must be flexible. The flexibility can be maintained 
by means of (1) generating concepts simultaneously and (2) then reaching a final solution after 
making design decisions (Sobek et al., 1999). In other words, to maintain a flexible conceptual 
design, concept selection requires high diversification of concept generation. In addition, an 
approach encouraging the design teams to diversify solutions before concept selection is important.  

 

The shift towards Product-Service Systems requires companies to unlock new values for both 
companies themselves and their customers (Royer, 2013). In early conceptual design stages, the 
assessments mainly rely on expertise and experiential knowledge of consultants (Augenbroe, 2002). 
And the assessments are the main approach to making decisions. However, as a for-profit 
organization, whether decision making can bring benefits and how much cost and benefits could be 
calculated beforehand concern the company, decisions could be traced back to rationality (March, 
1999).  

 



Rational decision making is explained as (1) personal character, (2) the reason of why the resources 
should be allocated against scarcity and (3) the application of the reason (Simon, 1979). There are 
three factors concerning a for-profit organization and influencing the organization’s decision 
according to decision theory (Simon, 1979): (1) maximizing human resources, (2) efficient 
resource allocation, (3) equity which is distributed into economic products. All three factors are 
driven by profitability. In rational choice theory, introduced by Scott (2000), all the actions existed, 
such as value-oriented actions, are purely rational and calculative. A fundamentally rational 
decision is made after profit involving costs and benefits is calculated (Scott, 2000). As Simon 
(1955) suggested, a rational behaviour should be integrated and well-matched with computational 
capacities and the right to obtain information. So there exists a tendency that mathematical models 
get involved in decision making in microeconomics. As a decision maker (or so-called “economic 
man” (Simon, 1979)), besides the domain knowledge, she should have the skill in computation as 
well. 

In preliminary design, the challenge of making a decision is to (1) organize the mass of information 
from a complex system and (2) propose the optimal solutions or concepts (Joshi et al., 1991) 
(Simon, 1979). The assistance of “intelligent model” instead of manual evaluation simplifies the 
rational choices (Simon, 1979). It may spare the resources of an organization during preliminary 
design.  

 

Realizing rational decision making requires the implementation of a specific design process. The 
decision-theoretic systems engineering process developed by Hazelrigg (1996) focus on utilizing 
prospective product’s information to make rational design decisions. Value-Based Software 
Engineering (VBSE) firstly introduced by Biffl et al., (2006), explains how theories of decision 
making relate to systems engineering risk management process. Both of these two terms are on the 
basis of Value-Driven Design. 

Soban et al. (2012: 330) defines Value-Driven Design as “an improved design process that uses 
requirements flexibility, formal optimization, and a mathematical value model to balance 
performance, cost, schedule, and other measures important to the stakeholders to produce the 
best possible outcome”. In the area of defence and aerospace, VDD became popular in the latest 
few decades. In 1950 Von Neumann gave the birth of to the building blocks of VDD. Collopy 
(1997) is among the firsts to propose a financial objective function to optimize system value. Oliva 
and Kallenberg (2003) follow up on this work to propose a new method that used Generalized 
Information Network Analysis to explore a design trade space. Collopy and Hollingsworth (2011) 
eventually formalize and explain the concept of Value Driven Design and explain the basic 
principles for a value-based distributed optimization process.  

Identification of an optimal design concept, intended as the most value-adding one, during concept 
generation and selection, is the main contribution of VDD in the domain of Systems Engineering, 
especially (Isaksson et al., 2013). Differing from the traditional methods (Roedler and Jones, 2005), 
Value-Driven Design combines customer expectations with product attributes. Besides, through 



what-if analysis, values can be interpreted as drivers for design (Isaksson et al., 2013). Soban et al. 
(2012) also pointed out the difference that a Value Driven Design approach provides a quantitative 
evaluation. The evaluation is realized by assigning scalar scores based on value functions. It builds 
a flexible platform for iterative loop which traditional qualitative methods cannot execute. During 
the evaluation, the temporally optimal concept can be contrasted with latest concepts continuously. 
It may be substituted with the new optimal concept which obtains higher score.  

Value models are single objective functions by which Value Driven Design identifies the value of 
alternative concepts (Collopy and Hollingsworth, 2011). For a profit organization, an output of a 
value model in the form of monetary units is the most intuitive one. The output is always expressed 
as a convenient, practical and generally understood matrix (Soban et al., 2012). The concept of 
Surplus Value (or Net Present Value), defined by Marx (2000), is a typical value model which now 
is widely utilized in aerospace systems (Collopy and Hanover, 1997) (Cheung et al., 2012) 
(“Application of Value-Driven Design to Commercial Aeroengine Systems”, 2012) (Curran et al., 
2010). The optimal concept always can be evaluated by value model to have the highest surplus 
value. It means that the optimal concept may generate the highest profit for an organization.  

Collopy and Hollingsworth (2011) point out three benefits from Value-Driven Design to 
engineering design of complex systems:  

Value-Driven Design contributes to optimizing the design for the whole system in the 
early stage. The process in systems engineering now always focuses on the design that 
meets the requirements. It means the process only plays the role of excluding “what you 
don’t want”. Conversely, values can show the optimization which means “what you want” 
is told. In other words, a process without optimization lowers both chance and motivation 
of a design team to find out the best design.  

Value-Driven Design pays the effort on preventing design trade conflicts. Objective 
functions with respect to all the trade factors corresponding to all components enable 
allocated requirements to be met with lower cost and higher performance. 

Value-Driven Design dedicates to restraining from growing cost and weakening 
performance. Traditional design engineering using component requirements emphasizes 
on maximizing the probability that all the requirements can be met. However, meanwhile, it 
introduces the skewing among the components. Therefore, the performance of components 
in the whole system loses the stability and is difficult to predict. On the contrary, Value-
Driven Design is used to seek for the design with a maximum value of attributes. In 
addition, it avoids the violation of interface constraints so that the system performance can 
be more predictive.   

 

Value-Driven Design meets the definition of a boundary object. Boundary objects were defined by 
Star and Griesemer (1989: 393) as “objects which are both plastic enough to adapt to local needs 
and the constraints of the several parties employing them, yet robust enough to maintain a 



common identity across sites.” Boundary objects in new product development are categorized by 
Carlile (2002) as (1) repositories, (2) standardized forms and methods, (3) objects or models, and 
(4) maps of boundaries. As Carlile (2002: 451) defined, “A repository is a common reference 
point of data, measures, or labels across functions that provide shared definitions and values for 
solving problems”. CAD database is a typical example of the repository. “Standardized form or 
method is a shared format for solving problems across different functional settings” (Carlile  
2002: 451). Carlile (2002: 451) defined objects or models as “simple or complex representations 
that can be observed and then used across different functional settings”. Sketches, prototype 
assemblies, computer simulations etc. are all this type of boundary objects. Maps of boundaries are 
“the maps which help clarify the dependencies between different cross-functional problem-
solving efforts that share resources, deliverables, and deadlines” (Carlile 2002: 451). Gantt chart 
represents this category of boundary objects. The focus of this thesis is mainly on standardized 
forms and methods, and objects or models. VDD is a standardized form and method. It (1) supplies 
mutually easy-to-follow structure and language, (2) makes the potential results more shareable and 
(3) reduces the problems across different settings. Value models belong to the latter category which 
proves to match the “form, fit and function” (FFF) (Jones Jr, 1991) where different functional 
settings are identified within the boundary.  

In conceptual design, collaboration between departments is also required. Cross-functional product 
development teams confront the problem with the effectiveness, because the understanding of the 
factors which influence the effectiveness is not sufficient (Pelled and Adler, 1994). It also lacks 
attention to both necessary and unnecessary constraints in subsequent phases of product design 
process (Dupagne, 1991). This may cause conflict among the members of product development 
team. Schmidt et al. (1972) insisted that the conflict resulting from heterogeneity may influence 
team effectiveness as a critical factor. The influences include performance declining (Brown, 1983), 
productivity shrinking (Moos and Speisman, 1962), turnover or withdrawal boosting (Connerton et 
al., 1979) (Walton and Dutton, 1969) and lack of innovation (Dupagne, 1991).  

Collaboration within a company or across companies can be undertaken well by boundary objects 
even without consensus (Star, 2010). From the same boundary object, those members from 
different departments or different companies can comprehend different meanings with respect to 
their needs. Thanks to boundary objects, common trust within the team are developed and then 
stable working relationships are built (Kimble et al., 2010). A powerful boundary object bridges the 
knowledge gaps between practices and facilitate the process by knowledge sharing (Carlile, 2002). 
All these objects are utilized to break knowledge barrier in a collaborative environment.  

 

Thanks to boundary object, decision makers could reach a common understanding of issues (Iorio 
and Taylor, 2014). However, the consideration of how significantly the boundary object works on 
support decision making is the focus of this thesis. Therefore, the observation of decision makers 
during conceptual design is quite necessary. In other words, the purpose of the thesis is to 
qualitatively verify whether and to what extent value models influence how decision makers select 
the optimal concept. It also meets the use of design experiment. As related work done (Lee and 



Radcliffe, 1990) (Guindon, 1990) (Visser, 1990) (Davies, 1991) (Lloyd and Scott, 1994) (Cross, 
1984) (Stauffer and Ullman, 1991), design experiments enables to observe and analyse design 
team’s interaction with the problem domain, and design reasoning (Gero and Mc Neill, 1998). Both 
of them are covered understanding problems and making a decision on solutions to the problems in 
conceptual design (Pahl et al., 2007) (Guindon et al., 1987) (Edmonds and Candy, 1993).  

The details of how to implement the design experiment were learnt from the example of 
experiment by McNeill and Edmond (1994), since this example was a successful case of running 
design experiment. According to the design experiment completed by McNeill and Edmonds 
(1994), the selection of designers and their tasks were based on designers’ normal work. And the 
environment of the experiment should be the same as where they work. The designers’ thoughts 
verbalized were recorded by videotape. To avoid the impact on their behaviours, shooting over the 
shoulder of designers was implemented. Besides, designers’ actions were described in the record. 
After recording, transcription of all the speech from designers was made with attaching time. 
Implementing protocol analysis, as a developed methodology, was the critical action in the process 
of this design experiment.  

 

Protocol analysis is a derivative of “think aloud” (Ericsson and Simon, 1984) methods, by which 
designers are required to think aloud so that thoughts of designers can be verbalized and recorded 
(Van Someren et al., 1994). On the basis of the think-aloud method, protocol analysis introduces 
the application of a domain-dependent coding scheme (Gero and Mc Neill, 1998). So the temporal 
aspect of the design process can be observed and a series of designer’s activities which last for at 
most tens of seconds also can be captured in this approach (Mc Neill et al., 1998). 

Coding scheme. During analysis, the elaboration of coding scheme is allowed. It means that 
considering the necessity, introducing a new category into existing scheme is feasible. In the design 
micro strategies, original categories are the following three ones: Proposing solution, Analysing 
solution and Explicit strategies (Gero and Mc Neill, 1998). Adding a new category requires the 
introduction of new sub-categories, micro strategies. 

Segmentation method. Segments are small units which transcripts can be separated into after 
collecting the verbal data. This method is to sort segments into one or more categories belonging to 
a coding scheme designed (Gero and Tang, 2001). There are two approaches of determining which 
category a segment should be assigned to. Depending on verbalization events, such as pauses, the 
pitch of voices, grammatical markers, is the first approach (Ericsson and Simon, 1984), while the 
other approach is to separate segments regarding the designer’s intention and actions (Gero and Mc 
Neill, 1998).  

 



Design strategies are a systematic plan of actions for the whole design process (Gero and Mc Neill, 
1998). Typical design strategies include micro and macro strategies. Micro-strategies are dependent 
on the current state of the process. They are standardized and classified by designer’s actions 
lasting for at most tens of second. Two factors, (1) designer’s experience and (2) how complex a 
design problem is, influence the number of different micro strategies. Conversely, macro strategies 
require relatively long-term actions which last several minutes and cover the whole design solution 
(Gero and Mc Neill, 1998).  

 
 
  



A total of 22 students were involved in this series of experiments. They were divided into 6 groups: 
4 groups of 4 students and 2 groups of 3 students. The experiment was based on a common design 
episode, which tasked the participants with redesigning a subsystem for a small asphalt roller. The 
goal of the session was to provide a new solution through concept development. The same input 
information was received by the groups but displayed in different ways. This guaranteed the 
continuous work on this session for all the groups. In addition, students were allowed to discuss 
about this system as they wanted. This made them easier to reach the common goal of the redesign 
and development in the phase of conceptual design.  

The students were randomly divided into six different groups. All students were selected from the 
MT2530 Systems Engineering Master Course at Blekinge Institute of Technology. They belong to 
3 different programs: (1) Master in Industrial Economics; (2) Master in Mechanical Engineering; (3) 
Master in Sustainable Product-Service and Innovation. Considering that all of them would be 
engineers soon after graduating and they obtained the common knowledge of product development, 
they could be respected as qualified participants of design teams.  

The size of each group varied between 3 to 4 individuals, which is considered optimal to balance 
strong/weak participants (Cash et al., 2012). In a larger group, increasing dissatisfaction and 
decreasing contribution within the group (Cummings et al., 1974) (Gorla and Lam, 2004), causes 
(1) making a decision to take more time and (2) strong reliance on clear leadership. And a small 
group owns the feature of ‘ideational conflict’ (Hoffman, 1979). This increases the possibility to 
generate more creative solutions. Additionally, considering the logistical requirements to record 
and transcribe the discussion during the session, the number of 3 or 4 people in a group is still the 
optimal size. A group with only 1 or 2 people spends more time on silent ‘thinking’ and needs 
concurrent verbalization to shorten the time (Cash et al., 2012). A more than 5-person group is 
easily separated into sub-groups and cause a higher possibility of parallel conversations from each 
sub-group (Cash et al., 2012). When it goes to the difference between 3-person and 4-person group, 
as Baltes et al. (2002), the difference is not significant and negligible. 

A researcher was in charge of introducing the design problem and managing the progress of the 
experiment. The researcher was ‘experiment controller’ (Cash et al., 2012). After the introduction, 
the participants were not allowed to ask questions to the controller in the session and the controller 
was not in the room. Nevertheless, the controller still monitored the design activities by standing 
out of the room.   

After 15 minutes of introduction, 25 minutes were allocated for problem understanding and 
concept generation; 20 minutes for selection of final solution and preparation for presentation, and 
finally 15 minutes for presentation and discussion of the final solution. Protocol analysis was 
applied during step 2 and step 3. Considering the limited time frame, the final solutions selected 
were supposed not to be mature enough. Therefore, the quality of these solutions failed to be 
assessed.  



After the 15-minute introduction by the experiment controller, all the participants could be 
respected as designer teams’ members in an asphalt roller company. A standardized PowerPoint 
presentation for the introduction by the controller made sure the consistency of initial information 
to all groups. 

The initial information fed to all groups was listed as follows: 

• Background information about the asphalt roller company. 

• Working environment of the asphalt roller. 

• A collection of customer needs. 

• Information of company’s interest toward offering PSS solutions to asphalt roller. 

• Description of a subsystem of two company products: an old design of frame and drum, 
called the old frame and drum solution, and the latest design of frame and drum called the 
new frame and drum solution.  

• Goal of the design session.  

• Plan of the whole design session specifying the time length of each quarter.  

In the first 15 minutes, previous products of the asphalt roller company, the “old” and “new” frame 
and drum solutions, were introduced in detail. The information of both two products was exposed 
to all participates by either value assessment table or requirements checklist assessment table. 
Printouts of CAD models of both “old” and “new” solutions with original colours and name of 
components indicated were available to all the participants. The components shared by both two 
solutions include: (1) a front frame, (2) a drum, (3) a scraper, (4) two lights and (5) an engine hood. 
Both types of tables were used to show the actual values assessed with respect to six different 
components above. In the value assessment table, value dimensions and value drivers were mainly 
based on and used to interpret customer’s statements. They were collected by the company’s 
marketing department. Machine requirements and target requirements in the table of requirements 
checklist assessment were also collected by the department.  In order to let participates treat all the 
criteria in either type of tables equally, the author defined them before the experiment without 
prioritization. The subdivision of each design group between value assessment table and 
requirements checklists was random.  

The experiments were conducted in a laboratory environment at the university. The same materials, 
including papers, pens, mark pens and tape, were prepared. In the sessions, (1) three video cameras 
from three different angles, (2) a microphone embedded in a Mac desktop and (3) a backup 
microphone embedded in a smartphone assured the quality of video and audio recording. All the 
six experiments occurred in three different successive days in April 2015. Figure 5.1 indicates a 
screenshot of the video recording of the experiments. 

 



 
Figure 5.1. Design groups testing by means of two different types of assessment table in the phase 

of problem understanding and concept generation in the experiments 
 

In this thesis, two different types of coding schemes were applied: micro strategies and PSS 
dimensions.  

In total, 29 micro strategies were classified into 5 categories (see Table 5.1). Among these 5 
categories, “Proposing solution”, “Analysing solution” and “Explicit strategies” were three 
categories which were originated by Gero and Mc Neill (1998). Mc Neill et al. (1998) proposed a 
new categories “Analysing problem”. All these four categories were also implemented to an 
experiment related to designing drilling equipment in the form of PSS solutions run by Sakao et al. 
(2011). In addition, 2 new micro strategies, “Analysing previous evaluation” and “Justifying a 
proposed solution through previous evaluation”, introduced by Bertoni (2013) were also adopted to 
observe how designers utilize the information provided. “Analysing previous CAD models” was 
introduced in this thesis in order to distinguish the information sources provided between tables 
and CAD models. Kim et al. (2010) coded “silence” in their model when think-aloud was not 
applicable during the experiment. To specify the types of “silence”, a new category “Preparing 
document” with three micro strategies “Silent drawing”, “Looking at sketches” and “Making notes” 
was introduced to grasp the designers’ behaviours. This category was applicable especially when 
they were silent instead of think aloud. The coding of this category always relied on the 
observation of videos and audios. The application of these coding schemes was considered by the 
necessity to concentrate on (1) how much designers use information from different types of tables 
and (2) what effects those different tables cause.   
 
  



Table 5.1. Micro-strategies adopted in the protocol analysis 
Name  Abbr. Definition Example 
Analyzing problem A   
Analyzing a Problem AP Captures the understanding of the 

obstacle or challenge 
"I think this is a problem..." 

Questioning a Problem AQ Expresses the doubt on a problem "Is that really a part of the problem?" 
Justifying a problem  AJ Makes some comment which 

Indicates that making assessment 
has been done (without calculation) 

"This is a problem because of..." 

Agreeing to a problem AA Says yes to the statement of the 
problem by the previous speaker  

"I agree with you that that is an issue."  

Disagreeing to a problem AD Says no to the statement of the 
problem by the previous speaker 

"I don't think that is a problem." 

Evaluating a problem AE Shows the significance of the 
problem 

"That’s an important requirement..." 

Analyzing previous 
evaluation  

AAE Discusses the information present 
on the table (This code is also used 
when groups are silent reading 
tables.) 

"The table given shows …" 

Analyzing previous CAD 
models 

AAC Differs the code of AAE and is used 
when groups are silent reading 
CAD models 

 

Postponing Analysis of the 
Problem 

APA Takes the action of revealing the 
influence later 

"I can find that out later." 

Proposing Solution S   
Proposing a Solution SP Finds out the way to solve the 

problem 
"The way to solve that is..." 

Clarifying a proposed 
Solution 

SC Proves the appropriateness of the 
solution 

"I’ll do that a bit neater...'" 

Retracting a previous 
solution  

SR Draws back if the solution fails to 
consist with fact 

"That approach is no good, what of 
we..." 

Making a design decision SM Decides to follow with a specific 
solution  

"OK. We’ll go with that one…" 

Postponing a design action  SPO Takes some actions of design later "We need to draw the drum later." 
Looking ahead  SLA Thinks about what will happen  in 

the further  
"These things will be trivial to do." 

Looking back  SLB Thinks about what happened in the 
past 

"Can I improve this solution?" 

Analyzing Solution Z   
Analyzing a Proposed 
Solution 

ZA Shows the effects of proposed 
solution 

"That will work like this..." 

Justifying a proposed 
solution 

ZJ Provides the evidence to prove the 
accuracy of the proposed solution 

"This is the way to go because…" 

Justifying a proposed 
solution though previous 
evaluation  

ZJE Provides the evidence based on the 
previous evaluation to prove the 
accuracy of the proposed solution 

"I think this is a good solution 
because according to the previous 
evaluation we need to increase this…" 

Calculation on a proposed 
solution  

ZC Makes some calculation to get 
some figures on a proposed 
solution.  

"The weight of this new drum will 
be …kg as I calculated. " 

Postponing an analysis of 
action  

ZP Takes the action of revealing the 
effect later 

"We’ll need to do work that out later." 

Evaluating a proposed 
solution  

ZE Shows the significance of the 
solution 

"This is faster, cheaper etc…" 

Explicit Strategies E   
Referring to Application 
Knowledge 

EA Uses valid knowledge to refer to 
practice 

"In this environment it will need to 
be…" 

Referring to Domain 
Knowledge 

EK Uses knowledge of the domain of 
the design, here it is product 
development or systems 
engineering 

"I know that these components are…" 



Referring to Design 
Strategy 

ES Makes Comments on how design 
episode goes forward or assesses 
own design strategies 

"I’m doing this the hard way…" 

Preparing document P   
Silent Drawing PS Sketches some concepts on the 

paper 
 

Looking at sketches PL Observes the sketches drawn on the 
paper 

 

Making notes PM Records some main points 
according to the information 
provided and collects the main 
points of concepts generated for the 
presentation 

 

Note: ‘X’ will be set when the code cannot be assigned to a specific concept  
 

Sakao (2011) implemented 9 PSS dimensions: “Needs”, “Values”, “Core Products”, “Periphery”, 
“Contract”, “Finance”, “Deliverables”, “Actors” and “Lifecycle Activities”, defined and based on 
PSS Layer method by Müller et al. (2009). 6 dimensions among the original 9 PSS dimensions 
were renamed or redefined to (1) avoid overlapping the partial definition of some dimensions and 
(2) make the encoders easily reach the agreement of coding. “Deliverables” and “Values” were 
replaced by “Usage phase” and “Service aspects” so that the benefits can be specified in the usage 
phase or in the servicing activities. “Core products” was renamed as “Hardware aspects” to 
highlight the hardware-related characteristics. “Actors” and “Needs” were combined into 
“Stakeholder view” to grasp customer’s and stakeholder’s non-solution-orientation needs and 
benefits. Adding “Knowledge Reuse” and “Design Rationale” was driven by the analysis of how 
using the knowledge of PSS impacts designers’ behaviours. The 10 PSS dimensions were redefined 
and renamed in Table 5.2. The definitions of these new categories except “Stakeholder view” were 
all well-defined and performed in the experiment of how color-coded 3D models affect conceptual 
design by Bertoni (2013). 
 
  



Table 5.2. PSS Dimensions adopted in the protocol analysis 
Category Abrr. Definition  Example 
Stakeholder View V Captures the discussion related to 

customer’s and stakeholder’s non-
solution-orientation needs and benefits. 
It also considers the discussion related to 
the information made available from the 
previous assessment, as it represents a 
way to clarify the needs of the 
forthcoming solution 

‘I think this is what customer wants…it 
brings customer…’ 

Knowledge Reuse KR Captures the discussion related to the 
personal knowledge of the designers that 
was recalled during the experiment in 
order to fulfil the design task 

‘It the same when you are cooking with 
a pan when you just put the cover on 
and it keeps warm.’ 

Design Rationale DR Refers to documentation, discussions, 
argumentations or reasons behind 
decisions made when designing a system 
or artefact 

‘Why was it better with plastic?’ 

Hardware aspects 
 

H Captures the discussion related to the 
structure, mechanical characteristics, 
technical features or material related to 
the PSS hardware 

‘Diminishing the gear can make it 
more…’ 

Usage Phase U Includes all the statements related to the 
operating phase of the product when the 
customer is physically using the artefact 

‘It is easier to use if we focus on this 
point’ 

Service aspects S Embeds all those statements related to 
activities activated by the customer’s 
request to benefit of the product, but that 
are not directly visible by the customers, 
such as transportation or assembly at the 
customer’s place 

‘The service embedded in the idea is to 
offer insurance of this machine…’ 

Lifecycle 
Activities 

L Contains all those statements related to 
the lifecycle of the product, from the 
production to the dismissal. The Usage 
Phase, in which the customer physically 
uses the artefact, is not considered here. 
This dimension differs from the Service 
since it embeds all those activities that 
would be present even in the absence of 
a customer request for the PSS (e.g., 
production, assembly, storage, dismissal) 

‘Assembling this product is easy, but 
renewing it is hard’ 

Periphery P Captures the statements about support 
equipment, technical periphery, tools and 
infrastructure related to the PSS 
execution system, similarly to what 
defined by Muller (2009) 

‘In my opinion, charging electricity of 
the product with wire can be replaced 
by wireless’ 

Finance F Includes all the discussions about cost 
related aspects, either related to 
production, maintenance or servicing of 
the PSS 

‘Substituting the battery cost too much’ 

Note: ‘O’ will be set when the code cannot be assigned to a specific concept 
 

The conversation between participants during the experiments was not guided but could be 
interrupted and interacted by each other. One encoder segmented the dialogue firstly and then the 
participation of the discussion with the other encoders enabled the segmentation to be objective. 



The aim of the segmentation was to shorten and separate long sentences into two or more segments 
according to what designers intended to. The adjustment after the discussion for the segmentation 
resulted in a slight change with less than 4% difference from the original segmentation. The lengths 
of the segments were between the maximum of 50.0 s and the minimum of 0.1 s. The average 
lengths of 6 different group experiments ranged from 3.9 s to 6.3 s. The coding schemes of both 
micro strategies and PSS dimension were applicable with respect to the segments finalized. (See 
Table 5.3)  
 

Table 5.3. Partial transcription from the experiment of group five 
Seg# Per# Text Len# Micro PSS C#No. C#Name 
253 4 What we want....instead we can use 

the front frame, just this front frame, 
the grey stuff here, we can increase the 
weight on that one instead... 

00:07.2 SP H 8 Frame 

254 1 That's what we want to do. 00:00.06 SC H   
255 1 So how much does this one weigh? 

And also how much do we have to 
keep having the water? 

00:04.4 AP V   

256 2 But that's only the hood. That doesn't 
weight.... 

00:03.7 AE H   

257 1 It barely weighs anything? 00:00.6 AP H   
258 2 If you compare to like one-half ton I 

do not think it will....and the engine 
weight will still be there. 

00:12.3 AE H   

259 1 That’s true. 00:01.2 AA H   
 

In Table 5.3, a part of the transcription from the experiment of group five was indicated. From the 
first column to the four were (1) the segment number, (2) the ordinal of the person speaking during 
the experiment, (3) the text of dialogue, and (4) the length of the segment. From the fifth column to 
the eighth column, (5) the code of micro-strategies, (6) the code of PSS dimensions, (7) the ordinal 
of concept, and (8) the name of the concept were listed.    

There were three encoders: the author, a Post-doctor in Product Innovation, and a Ph.D. student in 
Product Innovation. The author performed the coding and aligned the results using an independent 
coding from these two seniors. The author is the main encoder. His codes were used to grant the 
coding consistency. And the coding by the Post-Doctor helped to make the final decision of coding 
when the inconsistency of the coding still existed. The coding activity featured 3 iterations. The 
results of coding consistency in the first round ranged between a minimum level of agreement 
equivalent to 50.5% and a maximum level of 63.2%, with an average of 56.9%. Considering the 
unsatisfactory coding consistency, the application of partial micro strategies was explained with 
some reminders (See Table 5.4). The reminders will specify the use of part of these micro 
strategies having high opportunities to confuse the encoders. Therefore, the reminders encouraged 
the encoders to reach a higher level of agreement.  
 

Table 5.4. Reminders for Partial Micro Strategies 
Name  Abbr. Application 



Agreeing to a problem AA This code is also used when to express the agreement, “yeah” after 
analysing problem (AP) 

Making a design decision SM  This code is also used when to express the agreement, “yeah” after 
proposing solution (SP) 

Not applicable X this code is also used when to express the agreement, “yeah” after 
Explicit Strategies (E) 

 

After the effort on the elaboration, the consistency increased and the minimum level reached 75.6% 
while the maximum was equal to 83.9%. The last round was performed in order to make the final 
decisions on coding by means of conjunct discussion regarding (1) the inconsistent determinations 
between the main encoder and the Ph.D. student and (2) the coding from the third encoder, the 
Post-doctor.  

The coding of PSS dimensions met the similar situation with the coding of micro strategies and 
was iterated 3 times. In the first round, the average agreement reached 61.9% and required further 
alignment. In addition, the changes of coding in micro strategies impacted encoders’ judgments on 
codifying PSS dimensions. Therefore, before the second round of coding, more reminders (which 
were used to help encoders out of confusion when coding) (see Table 5.5) were added by 
considering not only more (1) specific application of the coding of PSS dimensions but also (2) the 
coordination with micro strategies. After the second round, the average level of the agreement 
ranged from the minimum of 71.3% to the maximum of 79.0%. The final results of coding were 
based on the joint discussion between the main encoder and the Ph.D. student. When the 
inconsistency of the coding between these two encoders still existed, the coding by the Post-Doctor 
was referred to.  
 

Table 5.5. Reminders for Partial PSS dimensions 
Name  Abbr. Application 
Hardware Aspects 
 

H This code is also used when the design group looks at CAD model 
and talks. 

Stakeholder View V This code is also used when the design group looks at tables and talks. 
Stakeholder View V This code is also used when analysing problem (AP) and the solution 

is independent. 
Design Rationale DR This code is also used when Justifying a proposed solution (ZJ), 

Analysing a Proposed Solution (ZA) or Evaluating a proposed 
solution (ZE) and the solution is dependent. 

Usage Phase OR Stakeholder 
View 

U OR V U or V is either used when justifying a problem (AJ) 

Stakeholder View V When Analysing previous evaluation (AAE), Evaluating a problem 
(AE) or Analysing a Problem (AP) is used, in PSS cell, V is the option 
but not U  

 

The results for micro strategies reflected the aggregate of all 5 categories of the micro strategies (in 
Section 5.5.1), the time spent on specific micro strategies (in Section 5.5.2) and the time spent on 
each category at 4 different quarters (in Section 5.5.3). The comparison between value assessment 
table (value-based table) and requirements checklist assessment table (requirements-based table) 
was adopted in all the results.  



 

The results of the aggregate with respect to each category of micro-strategies are presented Figure 
5.2. In the Figure, the average percentages of total time spent on 6 different categories is indicated 
as blue columns (value-based table teams) and red columns (requirements-based table teams). In 
Figure 5.3, the standard deviations were displayed as the form of blue columns (value-based table 
teams) and red columns (requirements-based table teams). An obvious trendy lay on the time spent 
on Analysing problem, Proposing Solution, and Analysing Solution. It took value-based table 
teams 8.7% more of total time on Analysing Solution (with a relative change of +31.5%). A 
significant decrease of total time on Proposing Solution with an absolute value of -5.4% and a 
relative value of -22.1% happened to value-based table teams against requirements-based table 
teams. Compared to requirements-based table teams, value-based table teams spared 6.2% of total 
time on Analysing Solution (with a relative difference of -30.0%). Correspondingly, 2.1% (20.5% 
relatively) and 0.9% (8.9% relatively) more spent on Explicit Strategies and Preparing Document 
by value-based table teams also made the contribution to offsetting the negatives of total time on 
Proposing Solution and Analysing Solution. 

 

 
Figure 5.2. Average percentage of time spent on Categories of micro strategies 



 
Figure 5.3. Standard Deviation of percentage of time spent on Categories of micro-strategies 

 

The standard deviations of average percentages showed slight differences with the exception of the 
standard deviation of Analysing Problem by value-based table teams (12.9%), Analysing Problem 
by requirements-based table teams (15.0%) and Preparing Document by value-based table teams 
(11.1%). The sensible differences were mainly reflected on the much lower percentage of time 
spent on Analysing Problem by the team 1 as a value-based table team at barely 21.4% and much 
higher by team 2 as a requirements-based table team at 45.0% (see Table 5.6). In addition, an 
extremely high percentage of total time on Preparing Document by team 1 played a dominant role 
on the high standard deviation (see Table 5.7).  

 
Table 5.6. Percentage of time on Analysing Problem of all the design teams 

Value-based table teams Percentage of time on 
Analysing Problem 

requirements-based table 
teams 

Percentage of time on 
Analysing Problem 

Team 1 21.4% Team 2 45.0% 
Team 4 42.9% Team 3 18.8% 
Team 6 44.6% Team 5 19.2% 

 
Table 5.7. Percentage of time on Preparing Document of all the design teams 

Value-based table teams Percentage of time on 
Preparing Document 

requirements-based table 
teams 

Percentage of time on 
Preparing Document 

Team 1 23.8% Team 2 15.9% 
Team 4 4.0% Team 3 6.5% 
Team 6 5.4% Team 5 8.2% 
 

 



Figure 5.4 displayed the percentage of total time on some specific micro strategies. The selection of 
these micro strategies was mainly judged by the threshold of 1% of total time of the experiments. It 
means those micro strategies whose percentages of the total time were lower than 1% would not be 
taken into account.  

 

 
Figure 5.4. Percentage of time on specific micro strategies 

 
The percentage of total time on Analysing Previous Evaluation (AAE) by value-based table teams 
(21.1%) was significantly higher than by requirements-based table teams (14.4%). Eventually, the 
highest absolute difference at 6.7% and a relative difference of 46.1% were calculated. All the 
other micro strategies of Analysing Problem owned the similar trends. A high standard deviation of 
the percentage of time on Analysing Previous Evaluation by requirements-based table teams was 
noticed because of the extremely high percentage of time on Analysing Previous Evaluation by 
team 2 at 36.2% (see Table 5.8).  
 

Table 5.8. Percentage of time on Analysing Previous Evaluation of all the design teams 
Value-based table teams Percentage of time on 

Analysing Previous 
Evaluation 

requirements-based table 
teams 

Percentage of time on 
Analysing Previous 
Evaluation 

Team 1 10.4% Team 2 36.2% 
Team 4 30.4% Team 3 1.0% 
Team 6 22.4% Team 5 6.1% 

 
 
Except for Proposing a solution (SP) with 1.6 % higher percentage by value-based table teams, all 
other micro strategies in Proposing solution and Analysing solution shared a similar tendency that 
time spent by value-based table teams was lower than by requirements-based table teams. Time 
spent on Clarifying a proposed solution (SC), Making a design decision (SM), Analysing a 



proposed solution (ZA) and Justifying a proposed solution (ZJ) relatively decreased 42.3%, 49.0%, 
43.6% and 43.5%, with absolute decreases of 3.9%, 3.1%, 4.9% and 2.3%.  
 

The experiment was divided into 4 quarters with the aim to observe how the teams performed in 
each phase. Figure 5.5 summarizes the results in each quarter for i) the test group and ii) the control 
group. Figure 5.6 shows a more detailed view of the results in each quarter.   

 
Figure 5.5. Percentage of time on each category in each quarter 



 
 

Figure 5.6i reflected a slight difference of time on Analysing problem. The absolute value is barely 
-0.5% between two tables in the 1st quarter. In the 2nd quarter, the percentage of time on 
Analysing problem by value-based started to be higher than by requirements-based table teams (a 
significant increase of 20.0% on an absolute term and 59.4% on a relative term). This tendency 
continued in the 3rd quarter and 4th quarter with relative difference of 73.4% and 125.3%. In 
Figure 5.6ii, a significant difference can be observed in terms of time spent on Proposing solution 
by the requirements-based teams and the value-based teams. In the other three-quarters, the 
differences of the percentage between value-based table teams than requirements-based table teams 
ranged from -2.5% to 1.5% (absolute term) and from -10.7% to 14.6%. In Figure 5.6iii, 
requirements-based table teams led continuously in all 4 quarters. This lead was obviously 
reflected in the 2nd quarter that the percentage by requirements-based table teams was 13.7% more 
than by value-based table teams with a 149.6% relative increase. A difference ranged from 0.23% 
to 8.0% maintained along the other three-quarters. Figure 5.6iv indicated a lead by value-based 
table teams (between 3.8% and 5.0%) along the quarters except for the 3rd quarter.  
 

 
Figure 5.6. Percentage of time on each category of micro-strategies along 4 quarters 

 
The time spent on Analysing problem by both value-based teams and requirements-based teams 
diminish along the quarters in Figure 5.6i. A significant reduction happened in the 3rd quarter for 
the value-based teams. The reduction happened to Requirements-based table teams twice (-2.7 
times in the 2nd quarter and -2.3 times in the 3rd quarter on relative terms). Apparent differences 



between maximum and minimum values could be observed in Figure 5.6ii. After a decrease from 
11.7% to 10.7%, the percentage of time on Proposing solution in the 3rd quarter nearly increased 
three times at 32.0% (with a relative increase of 199.2%) and eventually the percentage reduced to 
21.1%. The time on a Proposing solution by requirements-based table teams reached the maximum 
value at 31.6% in the 2nd quarter, more than doubling from the 1st quarter, and at 31.3% in the 3rd 
quarter. Finally, a fall in the 4th quarter at 23.6%. The percentage of time on Analysing solution by 
value-based table teams increased along quarters from 8.6% to 21.6% in Figure 5.6iii. The most 
dramatic increase happened in the 3rd quarter with a relative increase of 100.1%. The percentages 
by requirements-based table teams doubled (with a relative increase of 102.7%) in the 2nd quarter 
at 22.9% after the beginning of 11.3%. After a steady increase in the 3rd quarter at 26.4%, the 
percentage in the 4th quarter returned at 21.9%. In Figure 5.6iv, a dramatic decrease from 18.1% in 
the 1st quarter to 6.3% in the 3rd quarter. The trend ended up with a double increase at 13.5% in 
the 4th quarter. The percentage of time by requirements-based table teams had the highest volume 
at 14.3% in the 1st quarter. The trend of the percentages of time by requirements-based table teams 
was opposite to the trend by value-based table teams. The percentages were within the range of 8.5% 
and 10.3%. 

In Table 5.9, the activities of both value-based table teams and requirements-based table teams 
were analysed with respect to each PSS dimension. In the first column, the abbreviations of 10 
dimensions were listed. Besides 9 dimensions defined, when the segments were not understandable 
or could not attribute to the other 9 dimensions, they were categorized into “O”, as an additional 
dimension. In the second and third column, the average percentages of time spent on each PSS 
dimension by value-based table teams and requirements-based table teams were indicated. The 
fourth and fifth column showed the absolute and relative differences between the average 
percentages of total time on each PSS dimension by value-based table teams and requirements-
based table teams. The last two columns reflected the standard deviations of the percentages by two 
different groups of teams. 

The most obvious difference on the absolute terms is that requirements-based table teams spent 
14.0% more on understanding and proposing from the perspective of Hardware Aspects (H) than 
value-based table teams. The second highest difference lay on Stakeholder View (V) with an 
absolute value of 8.4%. When it went to the relative terms, the highest three differences were 
reflected on Service (S) with 2.8 times, Periphery (P) with 2.0 times and Finance (F) with 1.3 times 
Therefore, value-based table teams preceded requirements-based table teams with respect to the 
advantages of these three PSS dimensions. 
 
  



Table 5.9. Percentage of time on each PSS dimension 
Abbr.of 
Dimensions 

AVG VA 
tables 

AVG RCA 
tables 

Absolute 
VA-RCA 

Relative VA-
RCA 

SD VA 
tables 

SD RCA 
tables 

V 34,0% 25,5% 8,4% 33,0% 12,4% 13,3% 
KR 2,5% 2,4% 0,1% 2,7% 1,6% 0,5% 
DR 2,2% 3,6% -1,5% -40,7% 1,5% 1,7% 
H 31,1% 45,1% -14,0% -31,1% 10,4% 5,3% 
U 9,4% 8,4% 1,1% 12,7% 9,0% 4,6% 
S 1,0% 0,3% 0,8% 280,4% 0,9% 0,5% 
L 1,5% 0,8% 0,6% 76,2% 1,3% 1,4% 
P 1,4% 0,5% 0,9% 198,0% 1,1% 0,4% 
F 3,4% 1,5% 2,0% 132,5% 2,4% 2,1% 
O 13,6% 11,9% 1,6% 13,6% 4,8% 5,9% 

 
Relatively high standard deviations can be observed in the dimension of Stakeholder View with 
regards to both groups, which is a 12.4% standard deviation for value-based table teams and a 13.3% 
standard deviation for requirements-based table teams. Table 5.10 showed that a short amount of 
time (barely 19.7%) on understanding and proposing from the perspective of Stakeholder View by 
Team 1 as a value-based table team and a significantly high effort (40.9%) by Team 2 as a 
requirements-based table team, contributed to the high standard deviations most. 
 

Table 5.10. Percentage of time on Stakeholder View of all the design teams 
Value-based table teams Percentage of time on 

Stakeholder View 
requirements-based table 
teams 

Percentage of time on 
Stakeholder View 

Team 1 19.7% Team 2 40.9% 
Team 4 40.2% Team 3 18.1% 
Team 6 42.1% Team 5 17.6 % 

 

The author analysed the cross-activities along 4 quarters in this section. Considering a large 
number of cross-activities (5 categories x 10 PSS dimensions = 50 cross-activities), displaying all 
the cross-activities was infeasible. The first four categories with the highest occupation of total 
time by both value-based table teams and requirements-based table teams were: Analysing problem, 
Proposing a solution, Analysing solution, and Explicit strategies. The other categories failed to 
differ too much between two groups of teams. The PSS dimensions displaying the highest 
differences in the absolute and relative terms: Hardware Aspects and Service, were selected. 
Therefore, the other cross-activities were not taken into account. 

Figure 5.7 displays the results of the cross analysis along the 4 quarters of the experiments. In the 
1st quarter, requirements-based table teams spent 3.4% more time on the discussion of Hardware 
Aspects when analysing problem. No significant difference or even no difference could be found in 
the rest cross activities. 



In the 2nd quarter, around a quintuple lead from requirements-based table teams against value-
based table teams happened to the discussion of Hardware Aspects with respect to both Proposing 
solution and Analysing solution. During the process of both analysing problem and explicit 
strategies, the efforts on Hardware Aspects discussion differed slightly between two groups of 
teams. Value-based table teams broke the ice of talking about Service under the process of all these 
four categories of micro-strategies. Requirements-based table teams still did not put any effort on it. 

The time on Hardware when analysing solution by requirements-based table teams was twice as the 
time by value-based table teams in the 3rd quarter. The same situation happened to the time on 
Hardware when the application of Explicit in the 3rd quarter. The time contributed to discussing 
Hardware when proposing solution by requirements-based table teams was 5.4% higher than by 
value-based table teams. The other cross aspects made almost no difference. 

In the last quarter, higher percentages by requirements-based table teams was still maintained in 
both cross aspects of Hardware when Proposing solution and Analysing solution. As opposite, 
value-based table teams contributed more on Hardware during the process of Analysing problem 
and Explicit Strategies. Service concerned the requirements-based table teams more when 
proposing solution and Analysing solution. Value-based table teams made more efforts on it during 
the process of Analysing problem and Explicit Strategies. 

 



 
Figure 5.7. Trend of categories of micro-strategies when discussing PSS dimensions along the 

quarters 
 

The number of design concepts generated of each team was recorded, and it is shown in Table 5.3.  
 

Table 5.11. Numbers of concepts for each team 
Value-based table teams Number of concepts Requirements-based 

table teams 
Number of concepts 

Team 1 14 Team 2 7 
Team 4 10 Team 3 11 
Team 6 12 Team 5 13 
Average  12 Average 10.33 

 
In the table, the numbers of concepts for value-based table teams ranged from a minimum of 10 
and a maximum of 14. Requirements-based table teams generated between 7 and 13 concepts. The 
average of the numbers for value-based table teams was 1.67 more than requirements-based table 
teams with a relative difference of 16.13%. 
 



In order to verify the proposed hypotheses, the author collected further data and evidence using 
additional methodological tools . Denzin (1978: 291) defined such kind of “combination of 
methodologies in the study of the same phenomenon” as “triangulation”. By (1) collecting two 
different types of data, (2) multiplying points of view, and (3) converging two different methods, 
the judgments by organizational researchers becomes more accurate (Denzin, 1978), and the  
confidence that the results are valid is enhanced (Bouchard, 1976). Triangulation activities range 
from simple to complex designs (Jick, 1979) as (1) Scaling, (2) Reliability, (3) Convergent 
Validation and (4) Holistic Description. Scaling, as “primitive triangulatory device” (Smith, 1975), 
measures either quantitative or qualitative data. The disadvantage of this design is that it fails to 
effectively combine independent methods or reflect the observations and varieties regarding the 
data (Jick, 1979). Reliability, as the second simplest design, is tested by a “within methods” 
strategy. Only using one method to test reliability is the weakness (Denzin, 1978). Convergent 
validation can be realized by “between methods” approach (Jick, 1979). Complementing each other 
between two different methods, this form encourages more valid results. Capturing holistic 
description is also the attribute of triangulation but in the most complex level. Besides reaching the 
same phenomenon or results from multiple perspectives, the form enables to elicit data which 
researchers may lose sight of by single methods (Jick, 1979). In other words, it helps researchers 
understanding with a further in-depth study. Triangulation is always based on one premise that the 
weaknesses of both methods which will be multiplied to measure should not be shared (Rohner, 
1977). Therefore, the strengths of one single method can effectively compensate the weaknesses of 
another. 

The purpose of triangulation in this thesis is mainly to (1) validate the results generated by protocol 
analysis and furthermore, and (2) dig out some same phenomenon neglected when drawing the 
results in protocol analysis. Triangulation in the thesis is designed by using questionnaire. 

A questionnaire was designed to collect feedback from the 22 students who participated the 
experiment. The same questionnaire was applied to both test groups (value-based table teams) and 
control groups (requirements-based table teams). Feedback from the questionnaire was gathered 
using a Visual Analogue Scale (VAS) technique, which was first introduced by Aitken (1969). The 
questionnaire featured a 10 cm-long VAS line (see Figure 5.8). 
 
 

 
 

Figure 5.8. Visual Analogue Scale used in the questionnaire 
 

The data were analysed using statistical analysis tools, to highlight average values, standard 
deviation, R-square, and P-value. The mean value was used in the analysis to show the 

Strongly Disagree Strongly Agree 

1 10 



performance of both test groups and control groups. Standard deviations reflected the amount of 
variation within test groups and control groups. The test groups were those who used value-based 
tables, while the control groups were those who used requirements-based tables. When the standard 
deviation is close to 0, the mean is close to the trend line of the scatter diagram. R-square was 
calculated as the coefficient of determination. It indicates how strong the relationship between two 
variables is. Zero (0) denotes that there is no relationship between two variables, while 1 denotes 
the strongest relationship. P-value is another variable used to test to what extent observed data is 
consistent with the assumption that the null hypothesis is accepted (Kruschke, 2014). When the P-
value is not larger than threshold value, the significance level (it is supposed to be 0.05), and the 
null hypothesis is rejected. In this sense, the data randomly sampled might be rejected. 

The 11 questions were categorized into two categories displaying the average scores of the answers 
to the questionnaire and the standard deviation in Table 5.12. Both averages and standard 
deviations were separated on the basis of two different groups (test and control groups). In the first 
two columns of the table, the categories and questions were listed. The average scores of test 
groups and control groups were shown in the third and fourth column. The fifth column indicated 
the absolute difference between two types of groups. Finally, the last two columns displayed the 
standard deviations of test groups and control groups.  
 

Table 5.12. Results of each question in the questionnaire 
Category Question AVG 

Test 
AVG 
Control 

Test - 
Control 

SD 
Test 

SD 
Control 

About the 
result 

a) I am satisfied with the result 7,14 8,27 -1,13 1,84 1,37 
b) I feel that the information provided was all 
what the group needed to achieve the result 6,40 7,68 -1,28 2,20 1,76 

c) I feel that the team members came up with 
original ideas 6,93 8,94 -2,02 1,89 1,14 

d) I feel it was easy to find an agreement within 
the group upon the best concepts 7,98 7,40 0,58 1,34 1,83 

e) I have reflected a lot about engineering 
characteristics of the new solution 5,11 8,01 -2,90 2,70 1,43 

f) I have reflected a lot about how to make 
servicing easier 4,95 6,26 -1,31 2,15 3,70 

g) The scoring table helped me to discuss design 
trade-offs  
(one solution may be better for something, but 
worse for something else) 

6,62 5,41 1,21 2,23 3,40 

About the 
way 

guided in 
the 

process 

i) When thinking about the new solution I paid 
lot of attention to the scores in the table 7,43 5,30 2,12 2,69 3,25 

ii) When thinking about the new solution I had 
time to look at all the information 
 contained in the scoring table (the scores and 
the information around them) 

6,16 4,87 1,29 2,70 3,13 

iii) When thinking about the new solution I paid 
lot of attention to first column of the scoring 
table  

3,61 5,70 -2,08 2,51 3,26 

iv) When thinking about the new solution I paid 
lot of attention to third column of the scoring 
table  

5,75 5,45 0,31 2,93 2,86 



 

Test group members assigned an an average score of 7.98 to the question, “I feel it was easy to find 
an agreement within the group upon the best concepts”. In the fourth column, the highest average 
of 8.94 reflected that the question of “I feel that the team members came up with original ideas” 
satisfied control groups most. In addition, the biggest difference between test groups and control 
groups happened in the question of “I have reflected a lot about engineering characteristics of the 
new solution”. About the way guided in the process, test groups expressed the greatest satisfaction 
with the question of “When thinking about the new solution I paid a lot of attention to the scores in 
the table”. However, control groups had the most dissatisfaction with this question. From the 
perspective of control groups, all the four average scores were lower than the average of all the 
scores within the categories (6.66). Among the four averages, control groups showed the highest 
satisfaction with “When thinking about the new solution I paid a lot of attention to the first column 
of the scoring table” at barely 5.70 in the absolute term. All the standard deviations of the average 
scores were quite high (standard deviation >1). It meant that the group members expressed 
different levels of agreement on the questions.  

The correlations of VAS data between the questions in the category of “About the result” and the 
category of “About the way guided in the process” were calculated to test whether and how 
questions in one category influenced questions in another category. In the matrices below, R2 
scores and P-value of the correlations in both test groups and control groups were calculated. In 
Table 5.13, the strongest correlation was shown in test groups with a 0.4542 R2. It meant that from 
test groups’ perspective, design trade-offs (g) and scores in the table (i) were most strongly 
correlated. A 0.0163 P-value (quite lower than the 0.05 significance level) was shown in Table 5.14. 
Besides, P-value of the correlation between engineering characteristics (e) and scores in the table (i) 
(at 0.0394) was lower that the threshold of 0.05 significance level. The R2 score was the second 
highest, at 0.3592.  
 

Table 5.13. The R2 scores of the correlations for Test Groups 
 

R2 Test Groups i ii iii iv 
a 0,0111 0,3180 0,0518 0,0253 
b 0,0018 0,0716 0,0283 0,1245 
c 0,1663 0,0000 0,0001 0,0074 
d 0,1507 0,1310 0,0560 0,2894 
e 0,3592 0,0060 0,0080 0,0003 
f 0,0270 0,1605 0,0211 0,1124 
g 0,4542 0,1583 0,1392 0,1552 

 
Table 5.14. The P-values of the correlations for Test Groups 

 
P-Value Test Groups i ii iii iv 
a 0,7441 0,0562 0,4766 0,6216 
b 0,8957 0,4003 0,6013 0,2606 
c 0,1883 0,9927 0,9799 0,7898 
d 0,2124 0,2476 0,4591 0,0712 
e 0,0394 0,8115 0,7823 0,9589 
f 0,6098 0,1969 0,6527 0,2866 
g 0,0163 0,2003 0,2322 0,2051 



 
A quite strong correlation between (g) and (i) was also reflected in Table 5.15 from control groups 
at a 0.8130 of R2 score. A low P-value of 0.0004 was shown in Table 5.16. Another two 
correlations featuring low P-values were the one between servicing (f) and target requirements in 
the requirements-based table (iv) at 0.0035, and the one between design trade-offs (g) and customer 
statements in the table (iii) at 0.0434. The lowest P-value at 0.0001 and highest R2 score at 0.8735 
were featured by the correlation between trade-offs (g) and information contained in the scoring 
table (ii) in control groups. These low P-values supported the high confidence of the correlations. 
They assisted R2 score to validate the results of protocol analysis. Therefore, they indirectly 
support hypotheses.   
 

Table 5.15. The R2 scores of the correlations for Control Groups 
 

R2 Control Groups i ii iii iv 
a 0,1483 0,1898 0,1330 0,1764 
b 0,0232 0,0060 0,0896 0,0087 
c 0,0006 0,0014 0,0068 0,0519 
d 0,0274 0,0764 0,0064 0,0121 
e 0,0058 0,0530 0,0270 0,1316 
f 0,1409 0,3051 0,0762 0,4180 
g 0,8130 0,8735 0,6771 0,3466 

 
Table 5.16. The P-values of the correlations for Control Groups 

 
P-Value Control Groups i ii iii iv 
a 0,2718 0,2083 0,3001 0,2269 
b 0,6741 0,8319 0,4007 0,7972 
c 0,9471 0,9175 0,8203 0,5268 
d 0,6478 0,4395 0,8261 0,7621 
e 0,8340 0,5224 0,6499 0,3030 
f 0,2852 0,0978 0,4402 0,0434 
g 0,0004 0,0001 0,0035 0,0734 

 
To visualize the bivariate statistical analysis, the correlations that were highlighted above were 
plotted. In Figure 5.9 illustrated the correlation between engineering characteristics (e) and scores 
in the table (i). Note that scores in the table represented the values in value-based table or 
requirement-based table. 
 



 
 
Figure 5.9. Correlation between engineering characteristics and scores in the table for test groups 

 
For control groups, the linear relationships correlation between servicing (f) and target 
requirements in the requirements-based table (iv), trade-offs (g) and information contained in the 
scoring table (ii) / customer statements in the table (iii) was plotted as Figure 5.10, Figure 5.11 and 
Figure 5.12. Note that in Figure 5.10, the third column of the scoring table represented “drum & 
frame requirement” in requirement-based tables or “value drivers” in value-based tables. In Figure 
5.11, “looking at all the information contained” instead of relevant subset was defined as the x-axis. 
This is because in the early stage of product development, design teams were supposed to obtain as 
much knowledge as they could without judging if it is relevant. In Figure 5.12, the first column 
represented “needs” in both requirement-based tables and value-based tables.  
 

 
 

Figure 5.10. Correlation between servicing and target requirements in the table for control groups 
 



 
 

Figure 5.11. Correlation between trade-offs and information contained in the scoring table for 
control groups 

 

 
 

Figure 5.12. Correlation between trade-offs and customer statements for control groups 
 
In Figure 5.13, the correlations between design trade-offs (g) and scores in the table (i) for both test 
groups and control groups were illustrated together in order to show the difference between two 
coefficients.   
 



 
 

Figure 5.13. Correlation between design trade-offs and scores in the table 
 
As Figure 5.13 showed, the coefficient in the line of control groups was higher than test groups. It 
implied that control groups had a stronger feeling that attention to the scores in the requirements-
based table positively correlated with the discussion of design trade-offs.  



In this thesis, whether and to what extent value models, as boundary objects, influence how 
decision makers select the optimal concept, were quantitatively verified by means of design 
experiment.  

Protocol analysis was implemented in 6 groups. A main reason to trust the results of the 
experimental activity is that protocol analysis is a well-known, widely applied (Chakrabarti, 
Morgenstern, and Knaa, 2004) (Kan and Gero, 2008) (Mc Neill et al., 1998) approach, Gero and 
McNeill (1998) suggest that design experiment enables to observe and analyse design team’s 
interaction with the problem domain and design reasoning. Compared with other methods, such as 
survey and interview, continuous data collected by design experiment effectively enable to cover 
the entire process of conceptual design. For this reason, the method is considered particularly 
effective in describing the phenomena that drives decisions in design episodes. Besides, a high 
confidence of coding consistence by two encoders before joint discussion ensured the results could 
be trusted as well. 

More focus on customer value was promoted by value-based tables. 

The outcomes were used to test the three hypotheses presented in section 3.4: 

• Hypothesis 1; The value model, compared to the requirements checklists, enhances the 
awareness of understanding the design problems, by conveying intuitive value-related 
information. 

• Hypothesis 2; The value model, compared to the requirements checklists, encompasses a 
wider range of both tangible and intangible information during concept generation and 
selection. 

• Hypothesis 3; The value model, compared to the requirements checklists, enhances the 
awareness of customers and stakeholders by encouraging value concerns.    

The results of the protocol analysis were summarized as follows: 

• Design teams using value-based tables spent more time on analysing the problem in the 
early phases of the conceptual design (60.2% compared to 60.8% in the first quarter and 
53.6% compared to 33.6% in the second quarter). 

• Design teams using value-based tables spent less time on the discussion on hardware when 
they propose a solution (5.9% of the total time compared to 10.9%). 

• Design teams using value-based tables spent more time on the discussion on service when 
they propose a solution (0.2% of the total time compared to 0.1%). 

• Design teams using value-based tables generate more solutions during the whole process of 
conceptual design session (12 compared to 10.3).  



• Design teams using value-based tables spent more time on the discussion on customer value 
during the whole process of conceptual design session (34.0% of the total time compared to 
25.5% of total time). 

The protocol analysis shows that the use of value-based tables encouraged design teams to 
understand the problem in the early stages of conceptual design. This is aligned with the 
observations of Ullman (2003), who claim that the task of “understanding problems” is highly 
critical for the design activity and shall be executed in the earliest stage of conceptual design.  

In value-based teams, less time allocated to discuss hardware, but more on service during the 
process of proposing solution, was also observed. In parallel, by means of value-based tables, 
design teams were able to generate and larger amount of innovative concepts. These results are 
considered to confirm the hypothesis, emerging from what already observed in the work of  
(Isaksson et al. 2013) and (Thomke, 2001). 

Still, other data that seemingly contradict the original hypotheses need to be highlighted. Design 
teams using value-based tables spent more time on analysing the problem in the late phases of the 
conceptual design (17.9% compared to 10.3% in the third quarter and 14.3% compared to 6.3% in 
the fourth quarter). This result was not consistent with the success criterion. Analysing the problem 
more in the late phases brought the risk of the design paradox introduced in Section 4.2. In addition, 
there reflected only a slight difference of 0.05% spent time on disagreeing the problem in early 
phases of conceptual design by using value-based tables. Therefore, supporting the success 
criterion could not be trusted.  

For requirements-based table teams, a significant difference of time on proposing a solution in the 
early stage, especially in the second quarter (10.7% compared to 31.6%) could be observed. This 
implied a shift of allocating time on analysing the problem from other activities in the early stage 
of conceptual design. In addition, much more time on making a design decision (1.7% compared to 
0.4% in the first quarter and 5.4% compared to 1.1% in the second quarter) and analysing a 
proposed solution (7.2% compared to 3.5% in the first quarter and 13.2% compared to 2.9% in the 
second quarter) was spent by requirements-based table teams in the early stage. Therefore, the use 
of requirements-based table seems not to encourage a thoughtful understanding of the design 
problem, rather it seems to stress the activity of jumping into solutions earlier, applying a trial and 
error working mode.  

Analysing previous evaluation is a dominant task (in terms of percentage of total time) in the early 
stages of the experiment. Value-based teams are the ones allocating more time to this activity (40.1% 
compared to 35.0% in the first quarter and 31.1% compared to 16.8% in the second quarter). 
Furthermore, to understand the problem, the value-based tables were used more frequently and 
designers relied more on the value-based tables in the early stage.  

In Section 5.5.1, high standard deviations can be observed in the average percentages of time on (1) 
analysing the problem by value-based table teams (12.9%), (2) analysing the problem by 
requirements-based table teams (15.0%) and (3) preparing a document by value-based table teams 
(11.1%). High standard deviations may indicate the lack of a structured working approach in the 
design episode. As Table 5.6 and Table 5.7 have shown, the following factors are the ones 
contributing the most to such a high deviation: (1) lower percentage of time spent on analysing 
problem by Team 1, a value-based table team, at barely 21.4%, (2) much higher by Team 2, a 



requirements-based table team, at 45.0% and (3) extremely high percentage of total time on 
Preparing Document by Team 1.  For Team 1, according to the low standard deviations of the rest 
activities, an obvious shift from understanding problem to preparing document could be seen. 
Team 2 kept more silent during the whole process of conceptual design session. According to the 
video recorded, the actions were regarded as reading tables with silence. The code of analysing 
previous evaluation (AAE) had to be attributed to these actions on the basis of the definition in the 
coding scheme or the reminders. Protocol analysis mainly relies on the verbal data collected from 
design experiment. During the experiment, it is supposed that all the behaviours by the participants 
could be verbal. To some extent, the behaviours in silence may cause misjudgement in the process 
of segmentation in spite of observation by video. Therefore, it is necessary to find an effective way 
to improve the approach so that the participants could be encouraged to perform actively and think 
aloud. 

Triangulation by means of the VAS questionnaire was aimed at supporting validation of the 
protocol analysis results, and to provide further evidence that the hypotheses were supported. 

Overall, according to the results from VAS, test groups were less satisfied with the result than 
control groups (7.14 compared to 8.27).  

The first hypothesis, “the value model, compared to the requirements checklists, enhances the 
awareness of understanding the design problems, by conveying intuitive value-related information”, 
was represented and captured in the questionnaire by the question of “I feel it was easy to find an 
agreement within the group upon the best concepts”. The (positive) difference in the answers 
between value-based table teams and requirements-based table teams (7.98 compared to 7.40) 
seems to imply that agreements could be established more easily by value-based tables, meaning 
that they work better as a boundary objects (providing intuitive value-related information). The 
results seem to indicate that in the first case time on proposing solutions was spared and allocated 
to understand the design problem.  

For the second hypothesis, “the value model, compared to the requirements checklists, 
encompasses a wider range of both tangible and intangible information during concept generation 
and selection”, the three following questions were inserted in the questionnaire: 

1. I feel that the team members came up with original ideas. 

2. I have reflected a lot about engineering characteristics of the new solution. 

3. I have reflected a lot about how to make servicing easier. 

A positive difference in favour of the requirements-based table teams can be observed, with regards 
to the question about engineering characteristics (5.11 compared to 8.01). It seems to indicate that 
the focus on the hardware was prevalent in these teams. However, according to the negative 
difference (4.95 compared to 6.26), the focus did not shift to service. The negative difference in the 
question of originality showed the dissatisfaction with the quality of concepts. Therefore, value-
based table could not show the strength assumed in the hypothesis. It means the hypothesis was 
partially accepted. 



The question of “When thinking about the new solution I paid a lot of attention to the first column 
of the scoring table” was inserted in order to validate the third hypothesis, which is “the value 
model, compared to the requirements checklists, enhances the awareness of customers and 
stakeholders by encouraging value concerns”. The answers seem to indicate that using value-based 
table did not facilitate designers in working with customer statements, rendering a VAS score of 
3.61 compared to 5.70 for the requirements-based team. This result was inconsistent with the third 
hypothesis.  

Some interesting results could be found in the analysis of the correlations. According to Figure 5.8, 
servicing has a strongly negative correlation with target requirements for control groups. It implied 
that the column of target requirements discourages the discussion on service by requirements-based 
tables. In Figure 5.11, there existed a more positive correlation between design trade-offs and 
scores in the table from control groups. It implied that attention to the scores in requirements-based 
table encouraged design teams to make design decisions.  

Additional statements about what might have caused the differences between two groups were 
gathered in the open-ended questions. The need for more time for assimilating the input 
information was mentioned more often in the value-based table groups than in the requirements-
based table groups (4 compared to 3). This might indicate that value-based tables encourage 
designers to elaborate more on the need for information in order to understand the initial design 
problem. Table 5.12 shows lower satisfaction of test groups (6.40) compared to control groups 
(7.68) with regards to the information provided. The need of more specific information explaining 
the reason of the score was mentioned four times in the test groups and only once in the control 
groups. It could be explained that value-based table encouraged designers to reflect on the need for 
more design rationale and knowledge to kick-off the design activity with. At the same time, control 
groups expressed concerns with regards to information overload. All these considerations seem to 
support the first hypothesis of the presented study. 
  



This thesis aimed at analysing if and how much the use of value models could support early-stage 
decision making in the conceptual design of product-service systems. The designed experiments 
aim at the analysis of the impact on performance improvement during the process of conceptual 
design by using value model.  

The main contribution of the thesis is providing factual data about the effectiveness of value 
models as boundary objects within the preliminary phases of design. Value models could support 
design teams to make decisions in preliminary design by conveying intuitive value-related 
information. They could also raise awareness on both tangible and intangible design aspects that 
tend to remain tacit during concept generation and selection, as well as encouraging the exploration 
and clarification of value concerns.  

Experiments used CAD models and scoring tables as blueprints. The outcomes of the experiments 
supported the hypotheses that:  

1) the value model, compared to the requirements checklists, enhances the awareness of 
understanding the design problems, by conveying intuitive value-related information;  

2) the value model, compared to the requirements checklists, encompasses a wider range of 
both tangible and intangible information during concept generation and selection; and  

3) the value model, compared to the requirements checklists, enhances the awareness of 
customers and stakeholders by encouraging value concerns. 

A questionnaire was shared after the experiment with all participants to triangulate the data from 
the protocol analysis. These results further supported hypothesis (1) and (2). However, the results 
did not directly support hypothesis (3). 

In conclusions, the research questions were answered as follows: 

• How can a value model support decision making in preliminary design? 

Both the experimental results and the qualitative feedback seem to show that value models 
support design teams to make more informed decisions in preliminary design by conveying 
intuitive value-related information. 

• How to define relevant metrics to assess the effectiveness of value models as boundary 
objects?  

The study has shown that scoring tables with value dimensions and value drivers are 
relevant means to assess the effectiveness of value models as boundary objects. 

• How should a design experiment be set up to validate the appropriateness of value models?  

The think aloud method has demonstrated to work well as experimental approach to 
validate such value tools. 

Future research will focus on, further validating methods and tools by means of new experimental 
activities. These activities will possibly feature larger groups, where cross-functional team 



dynamics could be highlighted. Also, the participation of industrial stakeholders in the 
experimental sessions is highly valued.  
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