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Abstract 

A design problem with deficient information is generally described as wicked or ill-defined. The information insuf-
ficiency leaves designers with loose settings, free environments, and a lack of strict boundaries, which provides 
them with more opportunities to facilitate innovation. Therefore, to capture the opportunity behind the uncertainty 
of a design problem, this study models an innovative design as a composite solving process, where the problem is 
clarified and resolved from fuzziness to satisfying solutions by interplay among design problems, knowledge, and 
solutions. Additionally, a triple-helix structured model for the innovative product design process is proposed based on 
the co-evolution of the problem, solution, and knowledge spaces, to provide designers with a distinct design strategy 
and method for innovative design. The three spaces interact and co-evolve through iterative mappings, including 
problem structuring, knowledge expansion, and solution generation. The mappings carry the information processing 
and decision-making activities of the design, and create the path to satisfying solutions. Finally, a case study of a reac-
tor coolant flow distribution device is presented to demonstrate the practicability of this model and the method for 
innovative product design.
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1  Introduction
A design problem is usually described negatively as ill-
defined or wicked because of its vague initial state, either 
unknown or ambiguous goal state, and insufficient infor-
mation [1]. Nevertheless, in this study, it is believed that 
these characteristics are not so much the downside of the 
problem but conversely make a design problem innova-
tive. Owing to information insufficiency, designers are 
left with loose settings, free environment, and less strict 
boundaries to explore creative ideas from the problem 
uncertainty.

Design is highly underdetermined from both fram-
ing and solution-seeking perspectives, and appears as 

a process of decision making under uncertainty [2]. To 
fully explore and create propositions on design objects 
with desirable and unknown statements, the design pro-
cess is modeled as an iterative synthesis cycle. The inno-
vative problem is re-analyzed multiple times as new 
changes are included in the design, which act as poten-
tial or essential opportunities for designers to identify 
the problem [3]. It is believed that iteration is one of 
the most basic features of design [4, 5]. In some studies 
[6, 7], iterative design cycles are modeled as transitions 
between information processing activities and decision 
making, and innovative design involves more frequent 
iterations among the activities of problem analysis, idea 
generation, composition of ideas from other ideas, and 
evaluation. Product development is not only a process of 
seeking solutions, but also involves problem exploration 
and effective utilization of knowledge [8]. Therefore, the 
understanding and solving of a design problem is both 
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solution- and knowledge-dependent. Innovative design is 
a process of problem refining, during which the problem 
is represented by different granularity, and the knowl-
edge at the different granularity levels is transferred and 
adopted in the target domain to inspire creative ideas [9, 
10]. Moreover, the generated solutions stimulate design-
ers to re-think the definition of the problem. Therefore, 
iterations of the innovative design should comprise a 
series of design activities involving the problem, knowl-
edge, and solution.

Therefore, to further explore the iterative process of 
innovative design, this paper reports a distinct design 
strategy and method for innovative design, and mod-
els innovative design as a composite process of problem 
(re-)framing, knowledge creation, and solution genera-
tion. With the help of the proposed strategy and model, 
the designer can better understand the solving process 
of innovative design, and clarify and resolve the design 
problem from fuzziness to satisfying solutions. This 
study not only provides theoretical support for further 
research in innovative design, but also lays a foundation 
for the construction of computer-aided innovative design 
systems.

2 � Related Works
Over the past few decades, considerable work has been 
published on the design process. One of the viewpoints 
formalizes the design process as a search process when 
the goals of the design are well-defined before a search 
commences, and the focus of the design is not changed 
until a solution is found [11, 12]. The search begins with a 
problem state and proceeds through intermediate design 
states until the goal state is reached, and the problem is 
solved [13, 14]. In addition to the search process, design 
may also be viewed as an exploration when the focus of 
the design changes as the process continues [15]. Because 
a design problem is now well-known as an ill-defined 
or wicked problem, with a vague initial state, either 
unknown or ambiguous goal state, and insufficient infor-
mation [4], it cannot be understood and defined once and 
for all. During design, the actions taken in the problem 
space (e.g., problem structuring) are influenced by those 
taken in the solution space (e.g., idea generation) and vice 
versa [16]. Therefore, design problems are considered to 
evolve alongside the solutions.

To solve the ill-defined problem, some researchers 
[17–19] put forward that a designer engages in an initial 
problem structuring phase before moving into solution 
development. This cognitive strategy is modeled as prob-
lem-driven, through which the designer can gain a thor-
ough understanding of the problem, and a highly defined 
problem space at the expense of generating more ideas. 
Additionally, in other studies [20–23], it was observed 

that some designers preferred to jump into the solution 
space before the problem was formulated. This strat-
egy is formalized as solution-driven, through which the 
designer can move rapidly to early solution conjectures 
and take the conjectures as a way of exploring and defin-
ing both problems and solutions.

Moreover, in contrast to the two phase-based views, 
arguably a most noteworthy idea in recent years describes 
design as a process where design problems and poten-
tial solutions co-evolve over time. Mary Lou Maher first 
proposed the co-evolution model of design as involving 
interactions between the problem and solution spaces 
[12, 15, 24, 25]. A simple genetic algorithm was assumed 
as the basis for co-evolution that the definition of a prob-
lem could change in response to the current status of 
the solution space as opposed to being fixed and defined 
once-and-for-all. The interactions between these two 
spaces can bring new variables into both spaces, causing 
unexpected design requirements or solutions.

Based on the refinement of Maher’s original model, 
Dorst and Cross [26] then put forward a co-evolution 
model (see Figure 1) to apply Maher’s computational con-
cept to a behavioral analysis of human creativity in design 
[27]. In the revised co-evolution model, it was suggested 
that the creative event is not so much a “creative leap” 
from the problem to the solution whereby the designer 
first fixes the problem and then searches for a solution; it 
occurs when a problem-solution pairing is framed, dur-
ing which the designer forms coherent information and 
helps to crystallize core solution ideas. By adopting this 
model, the ill-defined or wicked problem is solved with 
the integration of the solution, and both the problem for-
mulation and solution ideas are developed and refined by 
a constant iteration of analysis, synthesis, and evaluation 
between the two spaces.

The iteration between the problem and solution spaces 
in the co-evolution model provides a mechanism for 

Figure 1  Dorst and Cross’s [26] problem-solution co-evolution 
model
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transferring knowledge between the two spaces, with the 
potential of expanding their boundaries during the design 
process. However, research on the problem, the solu-
tion co-evolution model mainly focused on the design 
problem and solution, but paid little attention to design 
knowledge. The knowledge flows alongside the entire 
design process, and also evolves as changes are involved 
in design. It is critical to both problem understanding 
and solution generation. Therefore, it is necessary to 
characterize the knowledge as another key to design, and 
further discuss its effect on the interplay between prob-
lem formulation and solution ideas.

Furthermore, another design approach with iterative 
design actions, referred to as the C-K theory, was intro-
duced by Hatchuel and Weil [28, 29]. Unlike the previous 
design methods, the C-K theory emphasizes that some-
thing unknown can intentionally emerge from known 
knowledge, which is contradictory to a well-structured 
theory. It is pointed out in this theory that a formal dis-
tinction between spaces of “Concepts” (C) and “Knowl-
edge” (K) is a condition for design. Described in the 
C-K theory, design is modeled using four operations 
(C-C, C-K, K-C, C-C), where a concept generates other 
concepts or is transformed into knowledge, and new 
knowledge is created in favor of further pursuit of the 
undecided concepts [30–33]. Illustrated in Figure 2, crea-
tive concepts are the potential “seeds” for design alterna-
tives, and they are undecided with respect to the existing 
knowledge at the point of time when it is conceived. If 
this concept is pursued further, such as by adding, remov-
ing, or varying some attributes, it expands from the origi-
nal one and can replace it, while new knowledge evolves 
in favor of the advanced concept. Consequently, both the 
evolved knowledge and conceived concept become part 
of design, the creative concept is adopted as the design 
solution and becomes new knowledge.

The C-K theory is built as an original formalism of the 
design reasoning used in innovation. Nevertheless, its 
contribution to the design process by guidance and assis-
tance is unclear [30, 35]. In the C-K theory, there is a lack 
of criteria that allows the designer to decide on the next 
course of action at a given time. In this case, by using 
the C-K theory, the designer cannot decide the order in 
which properties are related to an initial concept or the 
way a concept must be built (from which pieces of knowl-
edge and when?).

Broadly speaking, solving a design problem is both 
solution- and knowledge-dependent, and design is devel-
oped in accordance with the evolution of the design 
problem, knowledge, and solution. This study proposes 
a triple-helix structured model to guide the designer to 
think back and forth and explore satisfying solutions. 
The model is problem-knowledge-solution co-evolution 

based, where the problem space is the direction reference 
for design, the knowledge space is a source of knowledge, 
and the solution space is an idea workshop. The model 
shows the changes in design thinking and leadership of 
the designer.

3 � Essence of Innovative Design
To carry out an innovative design and set up its process 
model effectively, its essence and theoretical basis should 
be studied first. Innovative design is human-centered, 
and the design participators (i.e., the customers and 
designers) interact with the objects (i.e., the product, sys-
tem, and process) during the design process. Innovative 
design is an iterative and co-evolutionary process, which 
can be explored and explained from three points of view 
of co-evolution, as illustrated in Figure 3.

First, the designer-customer-artifact co-evolution 
builds the relationships between the design participators 
and objects. Product innovation involves the creation of 
new concepts in product design and manufacturing to 
satisfy market and customer needs; one of the key driv-
ers of product innovation is the reactions of the product 
to users’ needs [36]. Innovative design is customer-cen-
tered, and customers are involved in product design, 
manufacturing, and maintenance processes. The designer 
takes the customers’ requirements as a premise and is 
involved in both problem framing and solution seeking. 
Artifacts are designed to create certain values and signifi-
cance conforming to both the customers’ requirements 
and the natural law of product evolution.

Figure 2  Illustration of C-K theory of design [34]
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Second, design knowledge expands with the co-evolu-
tion of cognitive science, humanistic and social science, 
and natural science knowledge. Cognitive science is used 
to study how designers give full play to their creativity. 
Humanistic and social science is used to understand the 
customers and design environment. Natural science is 
used to understand the composition and evolution of the 
artifacts.

Third, from the perspective of the design process, the 
innovative design is presented as problem-knowledge-
solution co-evolution. Because the design problem is 
innovative with high uncertainty, the corresponding solu-
tion is in an open state. The innovative design is resolved 
by problem reframing, during which the original prob-
lem is refined and its representation changes. Moreover, 
not only the generation of new knowledge, but also the 
generation of general solving ideas stimulate the designer 
with new understanding of the problems.

The problem-knowledge-solution co-evolution builds 
the basic iterations of design among the participators, 
objects, and scientific knowledge of design. During these 
iterations, various scientific knowledge belonging to 

different domains is transferred to new design circum-
stances. Combined with the imagination and associative 
memory of the participants, the problem is gradually 
resolved. With the problem-knowledge-solution co-evo-
lution, the innovative design is described as a spiraling 
iterative process starting from an uncertain problem, 
incomplete knowledge, unconstrained solution, and end-
ing with the structured problem, acceptable solutions, 
and corresponding solving knowledge.

4 � Problem‑Knowledge‑Solution Co‑evolution 
Based Model for Design Process

Understanding the design problem as solution- and 
knowledge-dependent, and formulating a design problem 
often considers the design solutions and design knowl-
edge as references. The problem, knowledge, and solu-
tion are viewed as three integral parts of design, and can 
be established as three evolvable spaces. As they interact 
with each other, the design process is pushed forward in 
a spiraling manner, as depicted in Figure 4.

The three evolvable spaces interact with each other 
through a series of mappings, forming the innovative 

Figure 3  Essence of innovative design
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design as a problem-knowledge-solution co-evolution 
shown in Figure  5. In this model, the problem pre-
sented to the designer is analyzed and resolved with 
the support of knowledge, which is mapped from the 
background knowledge and modified to be adopted for 
solution seeking. As the solutions are generated, they 
map back to the problem space to stimulate problem 
reframing from new perspectives. The problem-knowl-
edge-solution co-evolution is a composite process dur-
ing which the problem is clarified and resolved from 
fuzziness to satisfying solutions. The final result of 
the design is added to the background knowledge and 
works as the new case knowledge for future design.

4.1 � Problem Space
The problem space (PS) is established based on the 
design problem presented to the designer, which is 
driven by the customer requirements, development 
of technology, or meaning of the product. The design 
problem received by a designer is a generalized brief, 
which is derived from an opportunity seeking process, 
existing as some form of problem statement presented 
to the designer. It includes some specific problems to 
be fixed, the customers’ requirements to be achieved, 
or the given meanings of culture, emotion, or vision to 
be realized. At the very beginning of design, the initial 
design brief is ambiguous with less information, and is 
often described using variables such as design goals, 
requirements, and constraints.

•	 The design goal provides a general direction for the 
problem-solving process, and presents an over-
all statement of what the design must achieve. For 
example, during the design of a mobile phone, the 
design goal may point out that this phone can take 
photos.

•	 The requirements further define the required state-
ments of what the design must achieve. In the exam-
ple above, the requirements then further state the 
number of cameras and the required camera pixels.

•	 The constraints are the restriction factors that limit 
the range of the acceptable solution. In the design of 
the phone with a camera, the limits may be set on the 
cost and weight of the phone.

Because the initial design brief is ambiguous and its 
variables are disordered, the value of these variables is 
undetermined and changeable until the problem is finally 
defined. The problem space and its evolution are illus-
trated in Figure 6.

The goals and requirements of the problem are at dif-
ferent levels of importance and abstraction, and have 
their own hierarchical relationships and interconnec-
tions with each other. The requirements are stated 
more precisely with certain constraints, which identify 
the boundaries of solution searching. The set of design 
requirements and constraints helps in defining the prob-
lem goal with certain features. As the design continues, 
the understanding of the problem becomes increas-
ingly clear through iterative analysis and reframing. 
Each time, the executed reframing can determine some 
implicit features of the problem. Consequently, the initial 
design brief may change, expand, contract, or be com-
pletely altered. The problem can be gradually organized 
as a well-defined design proposition, clarifying and con-
structing the design goals, requirements, and constraints 
of the final problem space.

Figure 4  Spiraling iterative design process

Figure 5  Problem-knowledge-solution co-evolution based model
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4.2 � The Knowledge Space
Flowing along the design process, design knowledge 
bridges the design problem and solution, and passes use-
ful information to support the exploration of problems 
and solutions, thus generate acceptable solving ideas. The 
knowledge space (KS) evolves as knowledge expansion, 
during which the target knowledge is extracted from the 
background knowledge and mapped to the knowledge 
space. The knowledge space and its evolution are shown 
in Figure 7.

The knowledge space contains knowledge of the 
designed product, whereas the background knowledge 
is orientated to all the knowledge accessible to design-
ers during design. The latter can be viewed as a compre-
hensive database that supplies the source of pre-existing 
design knowledge with different abstract levels, such as 
inventive principles, scientific effects, patent knowledge, 
design cases, marketing information, etc.

Knowledge within the knowledge space is the solv-
ing knowledge adopted in the latter solution generation 
phase. It helps the designer generate ideas satisfying the 
determined requirements and constraints for pursuing 
the required performance. Because the designer can-
not really tell what the problem defines at the beginning 

of the design, the initial knowledge space is an empty 
set and there is no prior knowledge that can be used 
to directly solve the problem. To solve this problem, 
the designer first consults the background knowledge 
according to the variables in the problem space, and 
then maps the retrieved knowledge to the knowledge 
space through specific operations, such as knowledge 
transferring, reuse, recombination, etc., to transform the 
knowledge from various fields into a form that can be 
applied to solve the current problem proposition. Based 
on the increasingly well-defined problem, the specificity 
of knowledge mapped from the background knowledge 
changes from abstract to concrete.

4.3 � Solution Space
The solution space (SS) contains a set of solutions that 
meet the design requirements and constraints. The solu-
tion space is explored mainly through solution reasoning 
and evaluation processes. It evolves from an empty set to 
well-structured product results, which contain the final 
solutions and their sub-solutions. The evolution of the 
solution space is depicted in Figure 8.

Solving ideas are generated with the support of solving 
knowledge, even though the design problem has not yet 

Figure 6  Evolution of the problem space
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been defined precisely. To further verify their value and 
utility, the solving ideas should be evaluated against cer-
tain criteria derived from the design requirements and 
constraints. If the generated ideas are evaluated to meet 
the pertinent criteria, they are left in the solution space 
as the solution is generated. According to the ambigu-
ous problem proposition, the designer primarily gener-
ates multiple principle solutions with varying abstract 
solving knowledge. As the design continues, these solu-
tions develop under the guidance of the better-defined 
problem and concrete knowledge, and evolve to be more 

detailed and appropriate, which may be specified by 
some sub-solutions. In the solution space, the designer 
explores the satisfying solutions, but not necessarily the 
optimum one, leaving more possibilities for innovative 
design.

5 � Triple‑Helix Structured Model for Product 
Innovative Design

From the perspective of cognitive analysis, innovation 
originates from the transformation of conceptual spaces 
or mappings between different knowledge systems, the 
core of which is a mapping process transferring knowl-
edge from one circumstance to another. During innova-
tive design, the imaginations and associative memories 
of the designer are required. Innovation is often inter-
disciplinary, and the most creative designers can always 
recognize some connections that others ignore. When 
designers encounter an unfamiliar problem, they cannot 
recall some relevant operators from their memory. Con-
sequently, the designers cannot retrieve a “best” solution 
from their existing knowledge system directly; therefore, 
the design is encountered with an impasse.

Three aspects of design need to be emphasized to 
break the impasse. First, the designer can reframe the 
problem with new representations alongside the design 
process from different granularity or perspectives. With 
the changeable representations of the problem, it can be 

Figure 7  Evolution of the knowledge space

Figure 8  Evolution of the solution space
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understood and structured from different and interesting 
views, and the designer can take various paths to resolve 
it. Second, the designer has creative ideas based on the 
appropriate granularity level of the design knowledge. It 
is most beneficial for problem solving to use knowledge 
that is neither too abstract nor concise, nor too specific 
and detailed. Third, the retrieval scope of the background 
knowledge needs to be expanded so that the designer 
can be inspired by a wider range of solving knowledge, 
including both close- and far-domain knowledge.

Comprehensively considering the essence of the inno-
vative design, the problem-knowledge-solution co-evolu-
tion, and the three ways to break the impasse of design, 
a triple-helix structured model is presented in this sec-
tion to guide the innovative product design. It is a pro-
cess model for innovative design that contains frequent 
iterations of analysis, synthesis, and evaluation of the 
problem, solution, and knowledge. With the help of this 
model, the designer is provided with a design strategy to 
plan a design project with particular design activities. The 
triple-helix structured model is depicted in Figure 9. The 
model drives the generation of design solutions through 

iterative mappings that carry information processing and 
decision-making activities across the problem, knowl-
edge, and solution spaces.

The triple-helix structured model starts from the 
design problem and finally yields the design solutions. 
Iterative mappings facilitate the development of the 
design process as a circular evolution, mainly including 
problem structuring, knowledge expansion, and solution 
generation. Iterative mappings involve many connections 
between the abstract and detailed information of design, 
and show the changes and improvements made during 
design.

5.1 � Problem Structuring
The problem structuring consists two kinds of design 
activities: problem analysis and problem reframing.

5.1.1 � Problem Analysis
During problem analysis at the beginning of design, a 
set of interactions between the designer and client takes 
place to develop a mutual understanding of what the 

Figure 9  Triple-helix structured model for product innovative design
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project will be about. These interactions are referred to as 
briefing activities.

The aim of briefing is to reframe the preliminary appre-
ciation of the situation for both the client and designer, to 
create an actionable view of the project for both parties. 
Paton and Dorst [37] mentioned that the definitive differ-
ence between typical and innovative projects, according 
to the designers, was whether the project (as initially pre-
sented by the client) could be reframed during briefing.

Problem analysis aims to determine all the problem 
conditions and framing a final structured problem space 
alongside the design process as new criteria and observa-
tions are added to design. During problem analysis, the 
goals and requirements are transformed and represented 
as design propositions such as functions or other prop-
erties to be realized, providing more detailed cues for 
problem solving. Taking the function to be realized as an 
example, the product has an overall function that can be 
decomposed into sub-functions to clarify and detail the 
requirements. This decomposition process involves rea-
soning and decision-making to identify functional princi-
ples and carriers to meet specific goals and requirements. 
Meanwhile, design knowledge on the decomposition of 
the overall function and the reasons for making the deci-
sions are captured, such as the kinds of functions that can 
be used to meet certain goals and requirements, and why 
function decomposition has been undertaken in a spe-
cific way.

5.1.2 � Problem Reframing
Problem frames comprise implicit assumptions about the 
issues that are relevant to the problem, important val-
ues and goals, and criteria that can be used to evaluate 
success. Problem reframing aims at digging out all these 
implicit assumptions so that the variables of the problem 
representation and their relationships can be clarified 
gradually.

Reframing is assisted by abstracted co-exploring, and 
conjectured views of the problem situation, including 
areas of uncertainty. The core of problem reframing is 
that the designer can understand and define the prob-
lem from different granularity or perspectives. Refram-
ing allows designers to highlight new desirable aspects 
for the outcome that may not have been a part of the ini-
tial frame, or at least did not hold as much value in the 
initial framing of the situation. Therefore, the problem is 
supplemented with comprehensive definitions through 
multiple reframing times. The reframing of a problem is 
influenced by the professional knowledge and personal 
experience of the designer.

Problem reframing can be stimulated in two ways. 
On one hand, it is driven by the new observations that 
the designer makes during solution generation. These 

observations represent the realistic expectation of the 
solution and guide the designer to reconsider the defi-
nition of the problem from the solution perspective. On 
the other hand, the problem is reformed because of the 
variation of design constraints, as the requirements of the 
customer and market may change with the development 
of design. To this end, there are sometimes new criteria 
and standpoints for tackling the problem, which can be 
viewed as new sources of problem definition.

5.2 � Knowledge Expansion
Knowledge space expands through knowledge retrieval 
and processing. The designer first consults the back-
ground knowledge to search for some target knowledge. 
The target knowledge is usually the prior knowledge that 
is used to decide the right issues for consideration, how 
to solve these issues, and the reasons for taking particular 
actions and decisions.

The target knowledge is retrieved according to the 
problem proposition. For instance, scientific effects are 
selected to help achieve the functions of the design prob-
lem. Functional knowledge can be searched for in anal-
ogy reasoning. Inter-domain case knowledge is acquired 
for case reasoning and knowledge reuse. Principle knowl-
edge can be retrieved to solve the contradiction between 
functions. After the target knowledge is selected and 
mapped to the knowledge space, it is then transformed 
and presented as solving knowledge to support the corre-
sponding problem propositions. Compared to the target 
knowledge, the solving knowledge is usually interdiscipli-
nary and fresh to the specific design domain. This trans-
ferring process creates an unknown from the known, 
revealing the breaking-through chances of design, iden-
tifying the connections of the design objects that have 
been overlooked before, and arousing design innovation.

According to the abstraction of the problem, differ-
ent levels of knowledge granularity are selected from the 
abstract function level to the detailed case level. Select-
ing neither too abstract nor concise, or too specific and 
detailed can not only provide designers with valid solv-
ing knowledge, but also leaves them with enough room 
for innovation. It is affected by the individual experience 
and subjective judgment of the designer. Additionally, 
because innovation is usually associated with interdisci-
pline, it is demanded in the triple-helix structured model 
that the scope of knowledge retrieval should be expanded 
to provide the designer with both far- and near-domain 
knowledge as far as possible. Different distances of simi-
larity knowledge can provide various stimulations for the 
designer, facilitating creative ideas.

The knowledge space expands under the guidance 
of the current problem; meanwhile, the problem is also 
revised with the influence of the knowledge. The solving 
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knowledge feeds back to modify the representation of 
the problem proposition, which facilitates further under-
standing of the problem situation. For example, in some 
similarities, the designer can find more detailed infor-
mation concerning the problem requirements, which 
can help adjust and optimize the function analysis and 
decomposition of the problem.

5.3 � Solution Generation
Solution ideas are generated through reasoning and 
evaluation processes, during which a number of solu-
tion ideas are generated as candidates for the final design 
solutions. These ideas are evaluated according to the 
gradually better-defined problems, and the correspond-
ing solving knowledge, during which only the ones satis-
fying the evaluation criteria are kept.

During the reasoning process, a type of logical infer-
ence referred to as abductive reasoning is adopted. 
Abductive reasoning was proposed by Pierce, and is usu-
ally used to determine possible and reasonable explana-
tions for a given problem and introduce new ideas into 
design [38–43]. As shown in Figure 9, the generation of 
solution ideas is reasoned backwards in the equation 
from the current problem, which is the “value” that needs 
to be achieved. Using abductive reasoning, the designer 
reasons out a credible, promising, or at least possible 
hypothesis (the “what”) to explain the to-be-achieved 
features of the design problem with the support of the 
solving knowledge (the “how”). For instance, to gener-
ate feasible carriers of the specific function of a product, 
the solving knowledge provides a principle description 
for the product structure working process, and with the 
support of the principles, the structure of the product is 
reasoned out to realize the expected functions and other 
performance requirements. Because the ultimate goal of 
innovative design is not to select an optimized result but 
a feasible one, the designer may come up with a number 
of different solutions. Along with the design, these ideas 
are improved and modified, or even abandoned, accord-
ing to the specific design criteria.

Abductive reasoning is adopted far more than just 
generating solution ideas. What is more important is 
that it drives the designer to reframe the problem from 
the solution perspective. Although the original problem 
lacks detailed information, the designer can jump into 
the solution space before the complete definition of the 
problem. As the solving ideas are generated, some realis-
tic expectations of the design are captured, which guide 
the designer to further understand the real problem.

The solutions develop as the problem is reframed 
to well-defined, and the final solution space contains 

structure trees of the possible solutions, which represent 
the physical relationships between different components 
of the solutions for the product.

The evaluation process is reverse to the reason-
ing process. The solving ideas go through evaluation to 
determine whether they are relevant, useful, or good; rel-
evance and usefulness are determined against the design 
requirements and constraints, whereas goodness depends 
on the design criteria. For example, the function carri-
ers, structures of the product, are evaluated to determine 
whether their feasibility, reliability, or manufacturability 
can meet the specifications of the functions and design 
constraints. If the combination of the solution structure 
and solving knowledge achieves the desired function, 
the corresponding solution idea can be left in the solu-
tion space. Otherwise, the structure or knowledge of this 
idea needs modification and improvement, during which 
a lot of useful design information can be captured, such 
as the particular parameter of the structure that should 
be considered, improvement of its performance, and the 
reasons for making this specific change.

6 � Case Study
This section aims to provide more details on the triple-
helix structured model for innovative product design 
based on an engineering design project, that is, the pres-
surized water reactor (PWR) coolant flow distribution 
device.

The distribution uniformity of the reactor coolant 
directly affects the thermal and hydraulic behavior in the 
core, and then affects the operating limit of the nuclear 
power plant. Additionally, uneven flow distribution 
causes insufficient core cooling. The large local tempera-
ture change in the reactor core negatively affects the safe 
operation of the reactor. Therefore, it can be deduced 
that the uniform distribution of the coolant in the core is 
highly significant for the safety and economy of a PWR.

In the existing design of various coolant flow distribu-
tion devices, the designers generally adopted numerical 
simulation methods to analyze the flow distribution at 
the core inlet, and its influencing factors, so as to pro-
vide references for the subsequent optimization of the 
devices. Although numerical simulation methods can 
optimize the existing coolant flow distribution devices, 
the designers are limited by their own domain knowledge 
and professional experience. Therefore, to overcome the 
shortcomings and design bottlenecks of existing prod-
ucts, and help the designers jump outside the box to pro-
pose innovative design solutions, a triple-helix structured 
model for innovative product design is adopted in the 
design of a PWR coolant flow distribution device. The 
design process for the device is as follows.
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•	 Problem Briefing and Analysis

The design brief represents the incomplete and impre-
cise mental representation of the design. In the design 
of a PWR coolant flow distribution device, the customer 
requirement is that the product should have a good effect 
on the uniform distribution of the coolant in the core. 
Moreover, the new design solution should also perform 
well in reducing manufacturing costs and maintenance 
difficulty compared to existing products. Therefore, in 
the initial design brief, there exists one general design 
goal (good effect on uniform coolant flow distribution) 
and two constraints (low manufacturing cost and main-
tenance difficulty).

To better understand this design, the existing products 
and the causes of uneven coolant distribution are further 
analyzed. Two main reasons for the uneven distribution 
of the coolant flow in PWR are identified. First, accord-
ing to the structural characteristics of the PWR and flow 
characteristics of the fluid in the reactor, the coolant flow 
is not mixed enough; therefore, more coolant flow is dis-
tributed at the center than at the edge of the core inlet. 
Second, because the lower head of the pressure vessel is 
mostly spherical, a large number of vortexes are gener-
ated in the lower plenum. The generated vortexes con-
sume a lot of energy, and further cause the distribution of 
the coolant to be uneven.

Consequently, a consensus is reached from both groups 
on the understanding and assumptions of the design, 
including the specific requirements that the product 
should satisfy and the structuring of the problem frame. 
The problem is constructed with an overall function (uni-
form coolant flow distribution) and two sub-functions 
(full fluid mixing and vortex suppression) to satisfy the 
goal and requirements. The problem briefing and analy-
sis of the PWR coolant flow distribution device design is 
shown in Figure 10.

•	 Knowledge Retrieval and Processing

The target knowledge is retrieved according to the 
function and sub-functions of the problem. In this case, 
scientific effects from the function layer and design cases 
and patent knowledge from the detailed case layer of the 
background knowledge are retrieved. For example, patent 
knowledge of the existing flow distribution device, such 
as various flow equalizing devices and vortex suppression 
plates, is selected to inspire the designer to create solving 
ideas with feasible function carriers through knowledge 
reuse, transfer, and patent circumvention. Additionally, 
case knowledge of a specific structure from the architec-
ture and mechanics domain is transferred to the current 
design domain for vortex suppression.

Further, while searching for the target knowledge and 
modifying it into the appropriate solving knowledge for 
the design, design issues such as technical contradic-
tions, physical contradictions, or object-field problems, 
are identified within the problem proposition to block 
the problem-solving process. In these cases, the designer 
consults the corresponding background knowledge, such 
as the inventive principles from the TRIZ theory, to help 
solve these contradictions.

•	 Solution Generation

More than 40 function carriers are generated as poten-
tial design solutions with the support of the correspond-
ing solving knowledge from the knowledge space. Six of 
the solutions proposed by the designers and their solving 
knowledge are listed in Table 1.

•	 Solution Evaluation

To evaluate the effects of the coolant flow distribution 
and vortex suppression of these solutions, Ansys-CFX 
was used for numerical simulation to calculate the nor-
malized flow at the core inlet and obtain the velocity vec-
tor and streamline diagrams. The simulation results of 
each solution are compared with the results of an exist-
ing coolant flow distribution device provided by the cus-
tomers. For the evaluation criterion of the uniform flow 
distribution, the customers require that the solutions 
perform better than the existing device. For the evalua-
tion criterion of the vortex suppression, it is demanded 
that large vortexes should not be generated and remain in 
the lower plenum.

First, according to the calculation of the velocity dis-
tribution at the outlet of the lower core support plate, 
the overall velocity distribution of each solution can be 
preliminarily verified as uniform. To further describe the 
characteristics of the core inlet flow distribution, normal-
ized processing is adopted. The normalized factors of 

Figure 10  Problem briefing and analysis
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the solutions above and those of the existing device are 
compared to determine whether the proposed solutions 
satisfy the criterion of uniform flow distribution. Addi-
tionally, the velocity vector and streamline diagrams of 
the proposed solutions are obtained to evaluate the vor-
tex suppression effect. The designers analyze the corre-
sponding diagrams to determine if the solution satisfies 
the evaluation criterion.

Through solution evaluation, it can be observed that 
some of the solutions provide more frequent and uniform 
flow distribution of the coolant and vortex suppression 
in the lower plenum; these solutions can be left in the 
solution space as candidates for the final product results. 
Otherwise, the ones that do not satisfy those require-
ments should be modified or abandoned.

•	 Problem Reframing

Through solution generation, the designer proposes 
several solutions while also gaining an understanding of 
the problem from the solution perspective. Some implicit 
requirements and constraints are identified during the 
solution generation. For instance, during the numerical 
simulation, the designer can easily focus on the specific 
structure of the solution where the vortex is generated 
or remains. In this way, the problem is focused on the 
specific structure, and the designer defines the problem 
as fixing the unsatisfactory effect of vortex suppression. 
Further, the designer negotiates with customers on the 
solutions retained in the solution space and finds out 
that apart from the existing constraints, the manufactur-
ing feasibility and supporting function of the solution 
structure should also be considered. Therefore, the prob-
lem proposition is reframed with new requirements and 
constraints.

As the problem is better defined, the designer can 
repeat the design process from problem analysis, knowl-
edge retrieval and processing, to solution generation 
and evaluation. The initial solutions are modified or 
abandoned, and some new solutions may also appear. 
For instance, in solution 2 of Table 1, the space between 
the stereo flow equalizing plate and basket is reduced, 
which solves the problem of the generation of vortex in 
the original larger space. Solution 3 of Table  1 is aban-
doned because it cannot provide the supporting function, 
and may cause safety hazards if the hanging basket falls 
accidentally. Through the corresponding modifications, 
the solutions that finally meet all the design criteria can 
be left in the solution space and exported as the product 
results. The design process ends with this.

Overall, with the guidance of the triple-helix structured 
model for innovative product design, a number of crea-
tive solutions are generated through multiple instances of 

problem reframing and structural modifications. These 
products will then be viewed as new case knowledge of 
the PWR coolant flow distribution device, adding to the 
background knowledge for solving similar designs in the 
future.

7 � Conclusions

(1)	 This study focused on the idea that a design prob-
lem is far more than ill-defined or wicked, but full 
of opportunities to innovate. The design process 
aimed to transfer the uncertainty behind the design 
problem into innovative ideas.

(2)	 Innovative design is an iterative and co-evolution-
ary process. To further explore its essence and the-
oretical basis, three points of view of co-evolution 
were proposed, namely, the designer-customer-
artifact co-evolution, the co-evolution of cognitive 
science, humanistic and social science and natural 
science knowledge, and the problem-knowledge-
solution co-evolution.

(3)	 From the perspective of the design process, a tri-
ple-helix structured model based on the problem-
knowledge-solution co-evolution was reported. The 
model consists of three spaces, that is, the problem, 
knowledge, and solution spaces, and the mappings 
between them carry information processing and 
decision-making activities. With the help of this 
model and method, the designer can better under-
stand the solving process of innovative design, lead-
ing to abstract problems, principle knowledge, and 
open solutions to finally evolve to the structured 
problem, satisfying solution, and new knowledge 
and design cases.

(4)	 The feasibility of the proposed method was vali-
dated according to a case study of a reactor cool-
ant flow distribution device, and creative solutions 
were generated through multiple instances of prob-
lem reframing and structure modifications with the 
guidance of the triple-helix structured model for 
innovative product design.
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