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Preface

The high performance and innovation requirements resulting from the emerging
countries striving to modernize the industrial and services sector, give rise to a deep
impact on research and development activities being implemented. These requirements
push companies to adopt customized tools to be attentive to market demand and to
optimally mobilize limited material, technical, and human resources. It also requires
reviewing the scientific methods solving invention problems as well as the innovation
management procedures used by companies and organizations as part of their research
and development process.

TRIZ is a theory of inventive problem solving that can indeed support companies to
improve their research and development process. TRIZ was developed by Genrich
Altshuller as a problem-solving, analysis, and forecasting theory derived from the study
of patterns of invention in the patent literature. TRIZ was developed to assist engineers
in systematically solving product design problems and develop next-generation
technologies and products with less risk. Altshuller stated that TRIZ can be used to
minimize energy requirements as well as complexity of engineering products. TRIZ is
an organized theory for problem solving which can be applied to different areas.

ETRIA (European TRIZ Association) has been working for two decades towards the
advancement of TRIZ and its impregnation in academic, scientific, educational, and
industrial circles. Each year, ETRIA organizes, through one of its members, an annual
conference in a different city and country – TRIZ Future Conference (TFC). TFC aims
globally to promote TRIZ knowledge, tools, and methods worldwide. It brings together
industrials and academics to share experiences, achievements, and progress on the
subject of how to use and develop TRIZ.

The 19th International TRIZ Future Conference (TFC 2019) took place at ENSA
Marrakesh, Cadi Ayyad University, Morocco, during October 9–11, 2019, under the
theme ‘New opportunities for innovation breakthroughs for developing countries and
emerging economies.’ The TFC conference series encourages research and feedback
that deals with TRIZ theory and its applications in all areas. It also encourages
professionals who are unfamiliar with TRIZ to submit their experiences with research
development as well as the difficulties and obstacles they face with regards to
innovation. TFC 2019 placed special emphasis on TRIZ integration into recent research
topics that present new opportunities for innovation breakthroughs for developing
countries and emerging economies, such as but not limited to:

– Industrial R&D processes and innovation best practices
– Knowledge based engineering and computer-aided invention with TRIZ
– Creativity in Science, Entrepreneurship, Industry, and Education
– Opportunities and challenges of digitalization for innovation progress
– Integration of TRIZ Methodology into Innovation Design Process



This book constitues the proceedings of TFC 2019. It contains 41 papers divided
into 7 themes. The first theme is dedicated to the ‘Improvement of TRIZ theory,
methods, and tools,’ and includes seven articles proposing enhancements to TRIZ
dealing with complexity, effectiveness, ideation, ontology, and patent integration. The
second theme includes five papers dedicated to contributions that link TRIZ to other
Innovation and R&D approaches such as frugal innovation, CK theory, FAST method,
Lean, additive manufacturing, etc. A third theme is dedicated to TRIZ applications in
technical design, an area addressed by authors within the nine papers. These first three
themes confort the origin of TRIZ which was initially developed to address technical
issues. The following theme leads us towards TRIZ applications in Eco Design, which
addresses green issues and is becoming more effective. Therefore, this year’s fourth
theme includes eight papers and was the second most addressed area. Let us continue
with the fifth theme. It is dedicated to associations between TRIZ and software
engineering. This theme is composed of four papers that attempt to link TRIZ and the
IA through Machine Learning or to use software techniques to help with problem
solving in different areas. The sixth theme brings together five papers and addresses
TRIZ applications in specific disciplinary fields such as healthcare, marketing, and
farming. Finally, a seventh theme leads us to a series of three papers that address TRIZ
in teaching, specifically through experimental studies with students.

Rachid Benmoussa
Roland De Guio
Sébastien Dubois

Sebastian Koziołek
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If All You Have Is a Hammer:
TRIZ and Complexity

Darrell Mann(&)

Systematic Innovation Network, Devon, UK
darrell.mann@systematic-innovation.com

Abstract. TRIZ is essentially a distillation of the ‘first principles’ of problem
solving. It was originally developed for complicated technical problem and
opportunity situations and, through ARIZ, has been deeply optimized for such
roles. Increasingly, however, the world has become dominated by complex, non-
technical situations, and in these environments many of the tools, methods and
processes of traditional TRIZ become highly inappropriate. Complex situations
are characterised by an absence of ‘root-causes’, have cause-effect relationships
that are frequently tenuous, and are vulnerable to highly non-linear ‘butterfly
effects’. The paper describes the creation and verification of coherent non-linear,
iterative divergent/convergent processes that take advantage of the first principle
nature of TRIZ, and complement them with essential pieces from other domains
of science. In a final section, the paper provides change agents with a menu of
heuristics for determining the most appropriate TRIZ and non-TRIZ tools and
strategies for any given situation.

Keywords: Complexity � Cynefin � Complexity landscape model �
Cybernetics � Law of requisite variety � ARIZ

1 Introduction

Genrich Altshuller starts The Innovation Algorithm [1] with the story of B. S. Egorov’s
journey to solve the problem of a winding machine to place coils of wire onto a small
diameter toroidal transformer. In the story, Egorov is revealed to have already worked
on what he thought was a similar problem, designing a machine to place coils onto an
inductor for use in telephones. The problem was that the diameter of the toroidal
transformer was significantly smaller than that of the telephone inductor coil, and
unfortunately the system for ‘threading’ the wire with a needle, which was okay for the
(7 mm+) diameter of the inductor coils was no longer viable at the new smaller (2 mm)
diameter. A ‘simple’ problem had become a ‘complicated’ one. Had the new toroidal
transformer been designed with a 6 mm diameter, he would have been able to simply
scale the existing solution to the new diameter. No calculations would have been
required, and there was little need for any actual thinking. But because the new
diameter was smaller beyond a scaling threshold level, the needle solution would not
work any longer. A contradiction had appeared, and as such it had become necessary to
partake of some creative thinking. The contradiction needed to be solved. Or – as
actually happened – Egorov had a flash of inspiration when he saw an analogous

© IFIP International Federation for Information Processing 2019
Published by Springer Nature Switzerland AG 2019
R. Benmoussa et al. (Eds.): TFC 2019, IFIP AICT 572, pp. 3–15, 2019.
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solution in another domain, and was subsequently able to translate that solution into
something that worked for the new 2 mm diameter transformer. The ‘complicated’
problem was successfully solved.

One might imagine that, over the course of time, the need for even smaller diameter
coils would emerge. Egorov’s new solution would perhaps continue to work down to
0.5 mm. Making a 1 mm coil would be ‘simple’. But then another contradiction would
emerge, and hence the problem would again become ‘complicated’. This sequence of
‘simple’ scaling solutions followed by periodic arrival of ‘complicated’ contradiction
problems would likely continue for some time. But, importantly, not forever. At some
point, when the dimensions get small enough, the physics of the situation change.
When – as we are beginning to see in the world of semi-conductor design – the
physical dimensions have become so small that designers need to take into account
quantum effects, the design challenge can be seen to have crossed another discontin-
uous problem-type boundary. A ‘complicated’ problem will, at small enough size scale,
turn into a problem that is ‘complex’. The point here being that when we cross the
complicated-complex boundary, as when we cross the simple-complicated boundary,
the method by which we need to tackle the problem makes a non-linear shift. These
kinds of simple-to-complicated or complicated-to-complex phase boundary are
important from the perspective of the tools and methods that problem solvers need to
bring to bear if they are to make meaningful progress.

There are other ways that the toroidal transformer manufacture problem might cross
the threshold from complicated into complexity. Traditional TRIZ was very much
focused on technical problems. And moreover, the large majority of these technical
problems turned out to be complicated. And so traditional TRIZ worked. In today’s
massively inter-connected world, however, it is increasingly rare that we find ourselves
able to ‘merely’ focus on just the technical problem. The moment, for example, that we
have to introduce our boss to the merits of our beautiful new contradiction-solving
solution, we find ourselves having to acknowledge that bosses don’t always do things
for purely technical reasons. If the boss doesn’t understand the new solution, there is
the likelihood that they will become defensive. If the new solution causes the old
solution to become redundant, and it was the boss who designed that old solution, their
ego may easily become offended. If the boss is afraid of the next boss up the hierarchy,
maybe they don’t feel brave enough to argue the case for the new solution. Not to
mention the customer, and what they might think about the risks associated with
change. Do they trust us to deliver? The point, in any of these scenarios, is that our
‘complicated’ problem has become ‘complex’. As soon as two or more human beings
are present in the system, guaranteed it has become complex. People love change, but
they hate being changed.

Increase the level of complexity sufficiently and we can easily find ourselves
crossing another discontinuous, non-linear threshold. Complex systems, especially
those involving humans and human behaviour have the occasional propensity to
devolve into ‘chaos’. Think of the devastation caused by Hurricane Katrina, or other
extreme weather events, where quite clearly the ‘recommended’ rescue and recovery
advice didn’t work. When we find ourselves in chaos, it rapidly becomes clear that the
usual ‘rules’ don’t apply any more. The best thing we can do is either ‘batten down the
hatches’ or get ourselves out of harm’s way. Fortunately, chaos, because of its
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instability, tends not to last for very long. The hurricane passes. As far as Egorov’s
toroidal transformer situation is concerned, chaos could appear from a number of
directions. The factory could burn down. Or the raw materials suffer a global shortage.
Or we find ourselves subject to a public scandal and our main customer decides they
don’t wish to do business with us anymore.

Ultimately, the point of the discussion is this. A ‘simple’ problem is different to a
‘complicated’ one, is different to a ‘complex’ one, is different to a ‘chaotic’ one. Each
demands a different strategy, methodology and potentially quite different tools if a
viable set of solutions is to be delivered. Problem-solvers, in other words, if they are to
stand the best chance of being successful, need to know what type of problem they are
facing. It is to this identification issue that we now turn our attention.

2 A Complexity Landscape

The field of Complex Adaptive Systems (CAS) is still a relatively new one. Many
authors and scientists are still caught in the struggle to find a coherent means of
understanding and describing how problem-solvers and organisations might best
operate under different complexity conditions. One of the most popular complex
system frameworks is ‘Cynefin’ [2]. This framework divides the world into essentially
the same four different types – simple (often labelled, ‘obvious’ in later iterations of the
model), complicated, complex and chaotic – as used in the earlier description of the
different variations of the Egorov toroidal transformer problem. As an orientation tool,
Cynefin has found an audience mainly due to its elegant simplicity. If someone has
never thought about what type of system they are operating within, it provides a ready
supply of actionable insight. One of the main things it misses, however, is a means of
describing the characteristics not just of a system under investigation, but also the
characteristics and context of the surrounding environment within which that system is
expected to operate. This shortfall has been addressed in the Complexity Landscape
Model (CLM) reproduced in Fig. 1.

More details of this Model can be found in an ongoing series of papers [3, 4] and so
only the basics will be reviewed here. Essentially the CLM comprises a 2-dimensional,
4 � 4 segment graph featuring the four different states of a system being analysed (y-
axis) and the four different possible states of its surrounding (‘super-system’) envi-
ronment. Importantly, to reflect the Cynefin insight that a ‘simple’ system can easily
find itself tipping directly into a chaotic state, the ‘system’ axis is sequenced in such a
way that these two states are positioned adjacent to one another. A significant aspect of
this adjacency is that the world of ‘Operational Excellence’ has taught managers that
the most efficient organisations are the ones in which as much as possible of the work
needing to be performed has been standardized. Over-standardization (often referred to
as the ‘Dodo Effect’), however, means that what was eliminated from a system because
it was thought to be ‘waste’ turns to have not been waste at all, but the resource needed
to survive and thrive in turbulent times. When enterprises find themselves operating
with a system that has become chaotic, they can be seen to have fallen past the
Disintegration Line and into the Collapse Zone. Not surprisingly, this is an area of the
Model organisations are well advised to avoid. The second noteworthy area of the
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Model is the Resilience Zone. The principle defining boundary for this Zone is the
Ashby Line. The Ashby Line is named after the founding father of Cybernetics, Ashby
[5] and specifically his Law Of Requisite Variety, which in simple terms states that if a
system is to survive it must possess a level of achievable ‘variety’ greater than that of
its surroundings: ‘only variety can absorb variety’.

The Resilience Zone, then, defines the region of the CLM where Ashby’s Law is
satisfied. This is the Zone where every enterprise should aspire to operate.

Figure 2 takes the basic CLM and plots a number of the previously described
Egorov problem scenarios. It is worth describing these in a little more detail in the
context of the Model:

– The knowledge to reliably manufacture telephone inductor coils already existed.
Assuming the enterprise is stably manufacturing such designs, the situation can be
mapped into the Simple-Simple segment, above the Ashby Line.

– As soon as the market (external environment) demanded a 2 mm diameter trans-
former, this couldn’t be achieved by simply scaling the original solution, but rather
required a contradiction to be solved. Prior to Egorov’s solution, the problem can be
seen to have shifted to the Complicated-Simple domain. In this domain, no solution
was possible, and it was only when Egorov’s mind started thinking about contra-
dictions and solutions from other domains that a solution became possible. When
the solution did finally arrive it was because Egorov had (unknowingly) crossed the
Ashby Line and entered the Complicated-Complicated domain: the solution gen-
eration strategy was now commensurate with the problem.

Fig. 1. Complexity Landscape Model (CLM)
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– If we can imagine further reducing the size of the coil to the level where quantum
effects have started to become relevant, then the problem will become a complex
one. As with the ‘complicated’ version of the problem, we will again only be able to
solve the problem if we move our problem-solving system up above the Ashby Line
and into the Complex-Complex segment of the Model.

– A similar shift takes place if the problem becomes ‘convincing the boss’ of the
merits of our technical solution. And, again, we will only make meaningful progress
on this version of the problem if we move into the region of the Complex-Complex
segment above the Ashby Line.

– Finally, if the factory burns down, while the fire is burning, everything shifts into
the Chaos-Chaos region. There is no hope for ‘resilience’ at this stage, but rather we
must act to put the fire out and, as quickly as possible see what can be done to get
back into the Complex super-system column of the Model.

Having now described how it is possible to map ‘where’ a problem sits on the
Complexity Landscape, the next job is to establish the relevant solution approaches for
each of the different scenarios. It turns out there are four that require step-change
different shifts in approach:

(1) Below the Ashby Line
(2) Above the Ashby Line in the ‘Simple’ Super-System column
(3) Above the Ashby Line in the ‘Complicated’ Super-System column
(4) Above the Ashby Line in the ‘Complex-Complex’ triangle

Fig. 2. Egorov problem scenarios mapped onto the Complexity Landscape Model
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The first two are the easiest to deal with. The third scenario is the one most
amenable to ‘traditional TRIZ’ – as described in the Egorov toroidal transformer story.
The fourth, although it appears to be a relatively small area of the overall Complexity
Landscape Model is actually the one that is the most likely to be present. If only
because the moment the ‘system’ under consideration includes humans – whether they
be ‘customers’, the team working on the problem, the senior management of the
enterprise or regulators – it will inherently have become a complex problem. This is the
domain we will therefore be forced to spend the most time discussing.

2.1 Below the Ashby Line

The blinding-flash-of-the-obvious requirement when problem solvers find themselves
in this situation is to alter the situation in a way that shifts it above the Ashby Line.
Easy to say, not so easy to do. In no small part because the natural tendencies of the
world serve to shift systems in the wrong direction. Figure 3 shows the two biggest
‘natural’ forces and the direction they act:

(Whether ‘standardisation’ counts as a strictly ‘natural’ force is debatable. What is
certain, however, is that ever since F. W. Taylor introduced ‘Scientific Management’
into the world of work in the early part of the 20th Century, standardisation has been the
primary motivation of almost every manager and leader on the planet.)

As far as the Second Law Of Thermodynamics is concerned (‘disorder (entropy)
increases’), it is perhaps some consolation that it doesn’t lead inevitably to ‘Chaos’. As
discussed earlier, chaos is a very unstable state, and as such, once a chaotic episode
settles down, systems return to the Complex domain. More often than not, sitting in a
sub-domain known as the ‘edge of chaos’ [6].
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Fig. 3. ‘Natural’ forces act against resilience
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Figure 4 illustrates the human-instigated strategies that can be deployed to counter
these natural forces in order to cross the Ashby Line:

2.2 ‘Simple’ and Above the Ashby Line

This is the place to be when it comes to minimum problem-solving effort. When a
problem solver is literally able to replicate an existing known solution, or simply scale
from that existing solution, there is no need for any kind of creativity. Or for tools and
methods like TRIZ. This is definitely the ‘cookie-cutter’ segment of the CLM. No
innovation required here. So long as the system sits above the Ashby Line, it doesn’t
particularly matter how far above. Although, having said that, the further above the line
it is – if the system is, for example, designed to operate as a ‘complicated’ or, better yet,
a ‘complex’ entity – then the level of resilience is increased. The idea of an ‘Ashby
Margin’ [7] is something that organisations will shortly be able to objectively measure.
The higher the margin, the more resilient the system will be, with, at the limit, the
achievement of the ultimate level of resilience, ‘antifragility’ [8].

2.3 ‘Complicated’ and Above the Ashby Line

Here is the domain of what might be thought of as ‘traditional’ TRIZ, whether at the
level of individual tools, or overall start-to-finish processes like ARIZ. Complicated
problems can be characterized in a number of different ways, but from a purely
pragmatic perspective, there is a clear ‘best’ solution to the problem being addressed.
Because this is the case, it is conceivable that the overall problem definition and
solution generation process can be linear and sequential.

Fig. 4. Management strategies for shifting into the resilience zone
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What this means in practical terms, too, is that it is appropriate for problem solvers
to look for root causes, that there are clear connections between cause and effect, and
that there are clear rules. Even if those rules are the TRIZ-based rules-for-breaking-
rules. Constructing a Function Analysis diagram and/or Su-Field Analysis model
makes for the most effective and systematic ways of building the required under-
standing of the current system. From a classical TRIZ perspective, this problem type
domain hits a clear sweet-spot, and even a moderately effective TRIZ user will very
likely be able to devise a meaningful, practical solution.

2.4 ‘Complex’ and Above the Ashby Line

The moment we acknowledge that a situation is complex, we have to accept that we are
operating in conditions that are substantially different. There is no such thing as a ‘root-
cause’ in a complex system, but rather a ‘conspiracy’ of causes. The links between
cause and effect or often quite tenuous, and the behavior of the system becomes an
emergent property. The Butterfly Effect further tells complex problem solvers that the
world can easily become non-linear with apparently tiny perturbations quickly mag-
nifying to become transformative. This means that things like the Pareto Effect no
longer have a role. It is not possible to ignore anything that is currently ‘insignificant’
since it could easily be the weak-signal that triggers a complete disruption of the
current system.

Because of these fundamental shifts in behavior, problem solvers need to adopt a
different approach. The famous H.L. Mencken aphorism, ‘For every complex problem
there is a solution that is clear, simple and wrong’ offers problem solvers a clear, but we
now know outdated piece of advice when working with complexity. What we now
know is that for every complex problem there are thousands of clear, simple wrong
answers. But we know too that there is also the possibility of a ‘right’ one. Provided we
are able to understand the behavior of a system from a first-principles level. The fact
that the original TRIZ research (unknowingly) sought to distil the world of technology
down to such first principles, means that the tools continue to have a good deal of
relevance. The Inventive Principles are in effect the ‘first principle’ level array of
solution generation possibilities; forcing problem solvers to examine systems through
the lens of function forces first principles thinking; the value equation is a first prin-
ciples distillation of the fundamental direction of travel of successful systems.

But – and this is a big but – just because TRIZ has given problem solvers an array
of ‘first principle’ tools does not mean that when we connect these tools together into a
process we can deal with a complex problem in a linear fashion. In this respect, the
currently fashionable ‘Design Thinking’ world has much to teach problem solvers. At
least from a methodological level. When the dust finally settles on the 2000+ Design
Thinking texts presently in circulation, what complex problem solvers will likely be left
with at the first principle level is the need for an overall process that is iterative and
which contains alternating periods of divergent (‘exploration’) and convergent (‘con-
solidation’) effort. That overall process will likely as not look something like the one
reproduced in Fig. 5.

In true TRIZ, ‘someone-somewhere-already-solved-your-problem’ fashion, the
benchmark for successful problem-solving in complex, edge-of-chaos situations can be
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found with the pilots of military fighter jets. The best-of-the-best in this domain was
very likely Colonel John Boyd of the USAF. The model he developed is now known as
the OODA-Loop. Observe-Orient-Decide-Act. The victor in any aerial dogfight, Boyd
determined, was the one with the shortest OODA Loop cycle time [9].

Translated into complex business and technical problem-solving terms, OODA
translates to Observing the problem context and surroundings, Problem Definition,
Solution Generation, and Prototyping. The fourth stage being the intention is to get a
physical prototype into the hands of the intended customer as quickly as possible in
order to learn what aspects of that solution do and don’t work for said customer. If
(when) we learn a solution is not yet good enough, the process requires innovators to
cycle back to the beginning of the process and conduct another iteration.

Crucially, this cyclical process is built around the understanding that, first-
principles or no, we can’t actually ‘know’ what customers want until we deliver
something to them and are able to obtain feedback from them when they’re able to try
something. In a complex environment, there is no such thing as the ‘right’ answer.
Only ‘right, right-now’. Or, perhaps more precisely, ‘fittest for purpose at this moment
in time’.

Also important to note is that the ‘Systematic Innovation’ methodology has been
configured specifically with complex problems in mind. One of the basic tenets of SI is
that, even though problem solvers can’t know precisely what customers want, that
doesn’t mean that we can only make progress by trial and error. The TrenDNA toolkit
[10], for example, seeks to distill a first-principle understanding of human behavior into
a repeatable method that, when iterated, allows problems solvers to not only shorten
their OODA Loop cycle time, but also require fewer iterations.

Sitting right at the heart of this ‘first principles’ story from the situation under-
standing perspective is the s-curve, and the dynamics associated with the discontinuous
shift from one s-curve to the next that occur when innovation takes place. The basic
shape of the s-curve remains the same whether the system under consideration is
complex or not. When the system is complex, however, the dynamics of the curve are
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Fig. 5. Generic ‘first principle’-level complex problem solving process

If All You Have Is a Hammer: TRIZ and Complexity 11



dictated by the presence of virtuous and vicious cycles. Virtuous cycles begin with
weak signals that then take advantage of positive feedback effects. Figure 6 illustrates
one such virtuous cycle. One that, over the course of the last ten years has seen the rise
to dominance of the Magnificent Seven Big Data organisations [11].

At the other end of the s-curve come the vicious cycles. An illustration of the
impact of vicious cycles on the failure of complex systems can be found in a recent
analysis of the UK Brexit debacle [12]. The primary point of that paper was to register
the need to break a vicious cycle as the only way to break out of the ever-more rapid
tailspin into chaos. Breaking vicious cycles again becomes a task well suited to the
TRIZ Contradiction tools. TRIZ is unable to reveal the vicious cycles (rather the
Perception Mapping process [13] has become the go-to method for doing this job), but
once they are revealed, only TRIZ provides the wherewithal to break them and point
the way towards the possible step-change jumps to the next s-curve.

3 Conclusions: The Overall Role of TRIZ

98% of all innovation attempts end in failure. 98% of all TRIZ-originated innovation
attempts end in failure. 98% of all Design-Thinking-originated innovation attempts end
in failure. The same 98% figure applies to almost every problem-solving tool, method
or strategy available to prospective innovators.

98% of innovation attempts fail because 100% of innovation problems are complex
and 98% of the people tasked with conducting the work either didn’t understand that or
weren’t using tools commensurate with the complexity.

So what did the 2% of successful attempts do? The clear answer is that they
knowingly – or, occasionally, accidentally – found themselves in the right place at the
right time with the right solution at the right price for the right customer. Getting all of
these things right at the same time is a challenging task for which there is no ‘formula’,
other than a recognition that the innovation project needs to be coordinated according
to the demands of the Fig. 7 ‘Golden Triangle’:

Fig. 6. Virtuous cycle responsible for the rise of the magnificent seven
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Which in practice means the following:

Tangible skills:
Systems Thinking
Thriving in complexity - rapid-learning cycles, ‘first principles’, s-curves, patterns,
‘critical mass at the critical point’
Understanding the customer/consumer say/do gap
Measuring what’s important (rather than merely easy)
Having a clear compass heading
Knowing how to abstract problems to tap into solutions in other domains
(‘someone, somewhere already solved your problem’)
Solving trade-offs & compromises

Intangible skills:

Innovation is largely about the individual & cultural intangibles
(‘Everyone has a plan until they get hit in the face’ Mike Tyson)
Influencing others/working together in cross-disciplinary teams
Persistence/bloody-mindedness/willingness to stick-with-difficult-stuff
Learning to live with continual ‘failure’
Acknowledging that ‘ideas’ have zero value
The Progress Principle [14]

Because TRIZ has effectively created a ‘database’ of first-principle level under-
standing of what success in technical problem solving looks like, it has a necessary but
not sufficient role in enabling prospective innovators to have the best chance of ending
up in the 2% of successful projects. Much of the original TRIZ research was performed
on technical problems falling in to the ‘complicated’ category, and this is the domain
where the tools are at their most effective. TRIZ continues to be relevant in the
‘complex’ domain too, provided that users deploy the various different tools in an

Fig. 7. ‘The Golden Triangle’ of successful innovation project coordination
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appropriate fashion rather than in the ‘traditional’ manner. What this means in practice
demands more space than is available in this paper. That said, there are a number of
(first-principle) heuristics that innovators and problem-solvers working in the Complex
domain can readily adopt. In no particular order:

(a) The ‘traditional’ TRIZ approach encourages users to progressively converge on
‘the’ contradiction and ‘the’ right Inventive Principle or Separation strategy, but
this convergent-only trajectory makes no sense in the complex environment.
Divergent parts of the process demand that users generate as many solution ‘clues’
as they can from as many Inventive Principles or Inventive Standards, or whatever
other solution generation triggers the users have the time to work through.
‘Diverge until it hurts’ is a good heuristic. The eventual solution to a complex
problem will almost inevitably emerge from a combination of partial solutions.
The more partial solutions there are, the more likely it is that the necessary
components of the winning combination will be present.

(b) The Trends and particularly the Evolution Potential version thereof are often
referred to in the Classical TRIZ world as ‘advanced’. When used in the Complex
domain, however, the Trends are more frequently observed to be ‘easy’ since they
are well-suited to the divergent idea-generation task. The TRIZ Trends effectively
tell problem solvers what the answers are, without having to know what the
problem being solved necessarily is. This 180degree switch is quite counter-
intuitive in the ‘Complicated’ world, but rapidly becomes the most sensible way
of moving forward in the ‘Complex’ world. Each Trend jump effectively points
the way to the next s-curve on the road to the Ideal Final Result solution…

(c) …while apparently being one of the simplest tools in the TRIZ toolkit, the Ideal
Final Result can rapidly come to cause problems in the ‘Complicated’ world. This
is because it is almost inevitable that the IFR looks nothing like the solution that
an organisation is currently selling to customers. And moreover, if it is ideal it will
also be ‘free’, which then necessitates not just technical innovation but a host of
business innovations to accompany it. And herein lies an enormous challenge for
the large majority of all enterprises operating in the 21st Century: while the skills
to innovate technically are well on their way to becoming a ‘science’, in the
corresponding world of business and management, the innovation skills are still
almost non-existent. The IFR tool is a tool for projects being coordinated in the
Golden Triangle.

(d) Whether the word ‘TRIZ’ survives into the long-term future continues to be a
matter of some considerable uncertainty. What will inevitably prevail, however, is
the contribution made regarding the importance of revealing and resolving con-
tradictions. Contradiction resolution is the primary mechanism for innovation.
The Contradiction tools and methods were developed for complicated problems,
but they apply to complex ones equally well. They are also the most effective
means of shifting a project from a position below the Ashby Line to one within
the Resilience Zone. Resilience, in almost all ways, comes from the ability of an
enterprise to solve contradictions faster than their competitors.
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Abstract. During 2017, University of Bergamo and Warrant Innovation Lab
have been starting a partnership to diffuse TRIZ in Italian SMEs. They aim to
make SMEs perceive TRIZ as a time-saving methodology, the main needing
expressed about innovation. The offering is a one-day problem-solving activity
that aims at generating conceptual solutions, potentially patentable. First cases
highlighted the reformulation was the trickiest phase: the extraction of the high-
level technological alternatives cannot be supported by classical TRIZ tools
(object-product transformation, ENV model, IFR, resources, evolutive laws,
multiscreen, MTS) for both limited time and lacks in TRIZ skills of the cus-
tomer. The staff overcomes such a double issue pre-processing the initial
problem’s information to extract insights from knowledge DBs. The results will
be shown as visual-psychological triggers to stimulate the creativity of non-
TRIZ-skilled users. The paper will disclose how visual triggers can work and
how a triz expert facilitator can create them.

Keywords: Visual triggers � Serendipity � Innovation Lab � ENV model

1 Introduction

One of the most barrier to the innovation in SMEs is the lack in time and resources to
spend on it [1]. The same is true also for TRIZ, which needs a long training period in
order to become an efficient and effective resource. Because of it, the SMEs find it
difficult to take advantage of TRIZ.

In SMEs, the incentive to innovate comes from the customers, who ask for
improvement in performance or reduction in cost of the products, or from information
given by the suppliers, who propose new technologies or products, or from the market
competition, which forces toward cost reduction.

Irrespective of the reason for the request, SMEs rely on the insightful-ness,
expertise and knowledge of their staff in order to innovate, who usually has traditional
designing tools, but lacks in systematic methods specialized in innovation. They tend to
outsource the R&D projects that are burdensome for the internal staff, both in time-
consumption and in skills request.

Aiming to support SMEs in the most strategic phases of an innovation project,
University of Bergamo (UniBG) and Warrant Innovation Lab (WIL) have been starting
a partnership since 2017, relying on the Innovation Lab (IL): a consulting activity
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expressly designed for SMEs and introduced in TFC 2018 [2]. It consists of a one-day
team-working session of problem-solving.

To enhance the attitude of the team members, especially for the ones coming from
the customer company who are not skilled in TRIZ, the IL exploits visual means to
facilitate a serendipity process. They aim to carry the right information to the right
person at the right time.

The IL staff can collect in a relatively simple way a large amount of information
that are potential activator for serendipity. Furthermore, the people to which propose
that information are the customer members of the team. The most difficult step for
triggering the serendipity is the choice of the right time to transmit the information.

The visual means exploited by the IL lets the staff to separate in time the infor-
mation offer from its receiving. Then, the visual means can be elaborated in back-office
activity, before the one-day session, while the receiving time should happen during it.

As definition, serendipity means an unplanned, fortunate discovery [3]. It relies on
the open-mindedness of the one who is looking for something other, the ability to catch
the insight about a potential good idea while its thoughts are focusing on other topics.

In its definition, serendipity hides the overcoming of the psychological inertia.
To facilitate the occurrence of the right time, the staff takes advantage of a revised

version of the ENV-model as psychological inertia inhibitor. It forces the company
members of the team to leave the comfort-zone about ‘what I know to do’, calling into
question their own problem perception, and going towards the attitude ‘what we should
be able to do’.

The change of such a perspective let the customer to open their mindedness,
overcome the psychological inertia and facilitate the occurrence of the right time for the
serendipity.

This paper introduces the way IL exploits to push the serendipity mechanism. In
Sect. 2, it illustrates which are the main goals of the customers involved in IL. Sec-
tion 3 describes how WIL trains the customer participants to the innovation activity.
Section 4 shows which are the tools exploited by the IL and which is the workflow of
the activity. Then, in Sect. 5, details about Visual Triggers, how they work and how to
prepare them, have been explained.

2 Customer Needs

Often, SMEs have not employees specifically dedicated to the R&D who are familiar
with inventive problem solving, idea generation or patent literature. If R&D department
exists in SME, in most cases it has not enough time to follow a wide-ranging inno-
vation project.

WIL is a company devoted to facilitating and diffusing the systematic innovation in
SMEs, through technology transfer and sharing of knowledge, ideas, technologies and
methodologies, especially cooperating with universities and research centers. It offers
services to fill in the lacks in innovation methodologies, establishing cooperation and
partnership with suitable research teams.

Thanks to its long-lasting touch keeping with customers, WIL has been getting
continuous up-to-date information about their innovation effort. This is the most
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important requirement to identify the actual goal of an innovation project. Indeed,
customer rarely expresses clearly which they are, rather it asks for supporting in the
development of an idea and translate it in an innovation project.

Thus, the first marketing activity about IL is understanding which the actual goals
of the customer are. WIL offers the IL when it falls in one of main categories below:

1. Often, the customer wants to innovate a product/process for which it is not able to
achieve a significant evolutive step. In such a case the customer takes the IL as the
opportunity to test TRIZ, like it was a challenge, submitting a real and unsolved
problem;

2. Before undertaking a R&D project, the customer wants to be sure it is going to
undertake the less risky innovation path. By the means of the IL, it aims to widen
the solution space in order to choose the most suitable conceptual solution for the
development;

3. In some cases, especially with start-ups, the customer wants to achieve a new
product/process about which it has not proficiency. This is interesting for IL when
the customer requires the conceptual design of a new functional solution, that means
it asks for inventive problem solving.

The IL was designed in order to save time for the first strategical phases of the
innovation process. Nonetheless, it carries other added values.

First, the customer gets a new point of view about its system: tearing down the
psychological inertia, IL supports the customer in uncovering new functional solutions,
which are original for the reference market.

Widening the solution space, it allows the customer to consider several solving
directions in order to plan an innovation and/or patenting strategy. This is particularly
felt by start-ups which could get the high-level design of the solution to be developed.

3 Selection of Customer Participants

The IL requires the participants be willing to question their own point of view about the
problem and its potential solutions. Further, it is appropriate to have different points of
view about the product/process to innovate. Thus, not only technical profiles are
required, rather, the presence of marketing employees and decision makers or CEO
improves the IL performances.

Due to the long-lasting relationships between WIL and its customers, it enjoys
credibility with them. This enables some important aspects for the success of the IL.

First, WIL gives to the customer some indications about the service and how it
works. For example, giving them a smattering of TRIZ and/or describing how to
difficult is for a specialist to overcome the psychological inertia. Using this opportunity,
it can suggest to the customer which are the best employee profiles to involve in the IL.
Eventually, it could assist the customer in the choice of people.

The second aspect is the preparation of the customer participants. Depicting the
specific feature of the service is a way to prepare them for the work they will do with
UniBG. They get upfront what to expect by the one-day innovation activity.
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Lastly, together with what just said, the credibility of WIL with the customer is
implicitly transferred to UniBG. This eases a lot the first phase of the IL, when the
customer participants must be convinced about the goodness of the methodology
behind the service.

4 Tools and Workflow

In the morning session of IL, the participants work on generalizing the problem and
enlarging the space of its solutions. The TRIZ expert guides the participants along an
innovation path [2] that include techniques of abstraction of the target product/process
(functional modelling), suppression of the constraints (modified ENV model [4]),
technological alternatives analysis (ENV model integrating the IFR [5] and IR tools
specifically developed), management of requirements (market potential [6, 7]) and
overcoming of psychological inertia (visual triggers).

In the afternoon session of IL, the participants choose the most interesting solving
direction and develop it. The staff guides them exploiting the knowledge about physical
contradictions, separation principles and other classic TRIZ tools, without explicitly
describe them to the participants.

The ideas generated are tracked and organized according to the FBS ontology [8]
on a map collecting high-level functional solutions (FBS map). Figure 1 shows the
workflow of IL, the main tools exploited by the staff to lead the innovation path and
how the FBS map works during the day.

More details about Visual Triggers and how to populate the FBS map are going to
explain in next chapters.

5 Visual Triggers

Serendipity means an unplanned, fortunate discovery [3]. It is a common occurrence
throughout the history of product invention and scientific discovery. The term is often
applied to inventions made by chance rather than intent.

The goal of the IL staff is to create ‘a bump in the road’, so as to guide the
accidental knowledge.

Many of the most well-known mechanisms for conducting a good problem solving
path are those related to the sense of belonging to the problem: it is easier to passionately
conduct a problem that is close to our heart, or a direction discovered by us rather than
committing ourselves carry out the task assigned or discovered by someone else.

For this reason, the inventive idea must come from the customer experts and never
from the staff! Even better when all the participants reach the idea at the same time, or
if they are all aware that they could have grasped it by themselves.

It would be good whether nobody thought that an expert has dropped none of the
ideas that come along. The ‘wow effect’ created by facilitators is one of the worst
mistakes that can be made in this activity.
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On the contrary, all the participants must become actors, and to do this it is
necessary to find an effective mechanism of accidental knowledge, capable of igniting
the mysterious mechanism of serendipity.

Accidental knowledge means that knowledge that is acquired in a completely
random way, through what is called the knowledge accident. This terminology belongs
to that discipline called knowledge management, which studies how it is possible to
ensure that “the right knowledge reaches the right person at the right time to be able to
make the best possible decision”.

Specifically, the knowledge accident represents a mechanism capable of conveying
the right knowledge to the right person, not necessarily at the right time. This delay is
an aspect that can completely frustrate the transfer of this knowledge.

Better to give the right information without the user having the perception of being
guided in the choice, nor to arrive at the solution ‘prepared’ already by the staff.

In order to simulate accidental knowledge, a set of images, called visual triggers is
prepared.

5.1 Triggers Functioning

The Images are designed to evoke functions or behaviors useful for identifying an
alternative way for solving the initial problem.

Fig. 1. Workflow and tools exploited by the IL. All interesting ideas are collected in the FBS
map
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According to FBS theory [8] a solution can be conceived as a set of elements
(Structure) working together in order to realize a Behavior that allows the structure
reaching a goal (Function).

Visual triggers are images of products, that being outside of our problem context,
do not evoke structure analogies but only behavioral or functional alternatives.

They must be general enough to allow the user the freedom to decline it in the way
he intends to use it for his own purposes.

For example, in a recent case, it was necessary to replace a cutting blade positioned
with extreme precision inside a very heavy chassis. The changeover operation is fre-
quent due to the high wear on the blade and every time an important machine stop is
required with a very well-prepared intervention by the workers.

All the products sold by the company involved use the same maintenance process,
which includes a “book” machine opening device to facilitate operator entry into the
machine.

Visual triggers (shown in Fig. 2) help remove this type of condition, moving the
problem to other areas.

For example, the first image is designed to suggest that you might not have to
replace the blade in case someone is able to restore the thread. It may come out of
refining methods or simply the idea of not having it sharpened anymore because it
sharpens itself, or a blade that never loses the thread either because it has a much longer
life, or because the system removes the condition so the blade loses the thread.

Fig. 2. Visual triggers at functional level, explain strategies for replace/restore the blade

Innovation Lab: New TRIZ Tools for Fast Idea Triggering 21



The second image indicates an alternative way of replacing things, restoring the
blade with a ready one according to a precise and preset dynamic.

In a like manner, the cutter blades, the third visual trigger, produce a similar path
but with completely different dynamics. Sometimes it is the union of several triggers
that trigger the creative mechanism.

In the case of the cutting edges of image (Fig. 4) we have tried to explain how each
blade has multiple profiles that can be used as cutting edges, instead of always putting a
new one and having to recalibrate the system you could try to understand how to
modify the housing for offer a new cutting edge. This image suggests using the same
blade in a new position but does not say how.

Contrarywise, the subsequent images give us two different ways of preparing the
new blade, respectively rotating or reversing.

The last case is the toner of the printer, which indicates a different way of inserting
an object.

In the next figure we show an example of triggers focused on the goal of blocking.
In them we suggest alternative ways at the level of Behavior.

As can be seen, the evocative level of these triggers is much more limited than in
the previous case; the creative effort required of the user is undoubtedly much shorter.
For each option the effort is only to imagine how to contextualize the solution to one’s
own field, assessing its technical feasibility and side effects.

What is shown in the Fig. 3 is a list of alternatives that could be generated auto-
matically by a knowledge search tool.

Fig. 3. Visual Triggers at behavioral level, explaining different ways of blocking something

22 D. Russo and P. Carrara



The higher the degree of specialization of the triggers, the greater the possibility of
automating the automatic content search process.

Similarly we look at the search for all the alternative ways in which a function can
be exploited by exploring the various associated physical effects [9].

5.2 Triggers Preparation

For the construction of visual triggers, it is necessary to know very well all TRIZ tools.
The most suitable tool for this purpose is the ENV model.

According to the OTSM TRIZ theory of Nikolai Khomenko [4], ENV model helps
to describe one or more functions starting from its decomposition in features.

For each parameter/feature its value is described indicating to which element it is
referenced. The function is defined as the variation of the feature value during the
transformation induced by the function, before and after.

In this way it is possible to describe the main function of a system through a list of
transformations, expressed as a variation of the value of the technical parameters.

To this, we can also add further information with respect to the value of the
characteristic in the ideal situation.

The comparison between expected value (ideal) and obtained value (real) deter-
mines in the user an inventive trigger to improve the starting system.

The basic idea for the construction of the visual triggers is to work ahead of the day,
applying this tool and defining an image for each suggested transformation, avoiding
images taken from the context in which you are operating.

The choice of images is based on the number of constraints that can be removed
during the day with the customer, as well as the number of unpublished prospects with
which to address the problem.

The basic idea is to start from the main transformation of the system, imagining
how the object of the main function is transformed into a desired product, and from
here to hypothesize at a high level the alternative and integrative functions that could
arise during the session, masking them with images that subliminally call the concept
back without explicitly mentioning it.

The purpose of the triggers is to investigate possible alternatives at the function
level. Once found, they must be hierarchically organized according to the following
model (see Fig. 4). Once the map of alternatives is built, the facilitator can apply the
other tools of the TRIZ methodology to formulate questions that push the experts of the
sector to find further alternatives. IFR, multiscreen works very well both at the level of
F and B.
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6 Conclusion

Warrant Innovation Lab and University of Bergamo have been starting a partnership
that aims to support SMEs in the most strategic phases of their innovation projects
limiting the time request to generate conceptual solutions. They offer the Innovation
Lab, which is a TRIZ-based problem-solving activity that lasts one day and aims at
generating conceptual solutions, potentially patentable.

The Innovation Lab adjusts the TRIZ-based innovation path to reach at least a
conceptual solution within the limited time available. Especially, it exploits Visual
Triggers, which are images representing functional examples able to convey insights in
implicit manner. Thanks to this approach, the staff facilitates the knowledge accident,
the idea generation mechanism behind serendipity.

Fig. 4. Example of the hierarchical map of alternatives coming from F-level and B-level triggers
and IFR
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The customers responded positively to the service, expressing satisfaction about the
approach and results. Later to the Innovation Lab, all of them have been carring
forward the innovation project. The knowledge uncover by the Innovation Lab allows
them to save time also in the following development steps of the solution.

Irrespective to what initial attitude the customer had regarding the opportunity to
patent the solution, all cases to date faced gave rise to a patent application. This proves
even more the results are interesting and valuable for the customers.

Despite the advantages taken from the conceptual solutions the Innovation Lab
allowed to grasp, the customers did not show interest in deepening their knowledge
about TRIZ, for example through participating to learning or training courses. Rather,
they consider the Innovation Lab the way to solve an inventive problem they are not
able to overcome.

Of course, this is a positive result, but further developments on the Innovation Lab
and on the approach to the customers must be considered to increase the interest about
TRIZ.
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Abstract. Within TRIZ literature, only a small part is focused on the man-
agement of the requirements. In the majority of cases, they are treated at a mere
technological level rather than marketing, by taking into account the require-
ments that have the greatest market potential.
According to the market potential technique, in the early stage phases of

design, the product to be innovated is divided into a list of different properties
that will be assessed individually in terms of importance and satisfaction. In
order to support the evaluation made by product experts (R&D Team and
Marketing Team), a search for knowledge must be carried out. This involves, for
example, the research in each requirement for information contained in bro-
chures, commercial catalogs, patents literature and scientific articles with the
aim of extracting trends, statistics, emerging technologies and unresolved
problems. This procedure requires time and a large economic investment,
especially if integrated with market research, often costly and time consuming.
To overcome these limitations, the novelty proposed in this article consists in a
method to automate the estimation of the importance of each requirement, or at
least those for which information is available in the various document sources.
An exemplary case dealing with an aerogel panel for civil application is

proposed, stressing the geographical area in such a way as to define the
investment and how it integrates into the potential market.

Keywords: Triz � Market potential � Problem solving � Patent

1 Introduction

This paper is addressing the main needs of the industrial sector regarding the definition
of innovations tasks in the very early stage of the innovation process.

The present situation in planning and executing of innovation projects within
industrial enterprises contains considerable drawbacks. These inconveniences can be
summarized as the lack of tools for systematic task definition for short and long term
innovation or low reliability of market success prediction for new product concepts in
the early stages of innovation process [1].

Although the best endeavor to reduce risk of failures, the majority of all industrial
innovation initiative offers only incremental improvements compared to the products
on the market. The attempts to incorporate customers into new product development
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require time-expensive interviews and surveys or extensive field research and rarely
presents significant competitive advantages [1].

Using patent information makes the customer needs transfer feasible and man-
ageable. The use of patents in order to estimate the market potential of a technique can
be considered an efficient method to compare, monitor and analyze research activity in
a specific sector of technology. Patent statistics are used as indicators of activity related
to inventions. An analysis of patented technologies can provide information on tech-
nological trends. Like any methodology, the use of patents as indicators also has its
limits: there is not always a correspondence between innovation and patented inven-
tions, just as not all patented inventions have a technical value [2].

This procedure involves the following topics: analysis of market and technological
trends. In order to predict costumer benefits, scholars employed the application of
technological or market trends, TRIZ patterns of system evolution and trends of needs
evolution.

Nevertheless, today the trend analysis delivers too general or to obvious results and
can be considered as supplementary method only. The new TRIZ based approaches are
too general or solution-oriented. For example, one method evaluates the relationships
between market trends and TRIZ evolution patterns [3]. Based on the TRIZ laws of
system evolution the universal trends of needs evolution can be formulated and applied
for identification of hidden needs and for forecasting of new needs of customers [4].

Analysis of patent information: besides the mentioned approaches, this paper
proposes the use of patent information for the identification of customer benefits. An
important source of information to identify unsolved problems and to derive customer
benefits is constituted by patent databases, which in fact is not available in any other
source. According to the modern tools for patent text-mining and syntactic parsing
tools, the information can be obtained more quickly and precisely. Moreover, with the
patent analysis one can easily access and retrieve information for general inventive
tasks and thus for benefits for the products from different industrial sectors with similar
customer working processes.

Patent information enhanced through computer-aided classification and retrieval
contributes significantly to the acceleration of innovation processes. The automatic
retrieval of problems [5] or technical contradictions [6] helps experts to reduce the time
needed for finding solutions. Analyzing and categorizing patents according to the TRIZ
evolution patterns assists to identify the evolutionary potential and possible improve-
ments of products. Patent analysis is hence applicable for forecasting emerging tech-
nologies, even if no historical data is available [7], and also for developing acquisition
strategies [8].

Evaluation of market potential for customer benefits: according to [1], a new
advanced computation algorithm includes a regression model which is suitable for
calculation of the market potential as a function of importance and satisfaction for all
values of the input variables.
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According to the market potential technique, in the early stage phases of design, the
product to be innovated is divide into a list of different properties that will be assessed
individually in terms of importance and satisfaction. In order to support the evaluation
made by product experts (R&D Team and Marketing Team), a search for knowledge
must be carried out. This involves, for example, the research in each requirement for
information contained in brochures, commercial catalogs, patents literature and sci-
entific articles with the aim of extracting trends, statistics, emerging technologies and
unresolved problems. The novelty proposed in this work consists in proposing a
technique that integrates the technical approach just explained with an estimate of the
investments in economic terms in order to establish how it integrates into the market
potential.

Despite the many steps taken to improve the market potential, it remains today a
tool that requires time and a large economic investment, especially if integrated with
market research, often costly and time consuming. To overcome these limitations, at
least partially, the article proposes a method to automate the estimation of the
importance of each requirement, or at least those for which information is available in
the various document sources.

The article presents an overview of market potential techniques in Sect. 2. In
Sect. 3, it illustrates the methodological proposal to retrieve the state of the art and the
way of proceeding conducted in this study. After, in Sect. 4, an example of the
methodology through a case study is provided. In closing, Sect. 5, the conclusion.

2 Market Potential Techniques

Among the various approaches used to evaluate the market potential, a technique
consists in the evaluation of a series of customer needs and requirements. These
approaches are able to define customer needs or requirements, with a structured pro-
cedure to translate them into technical parameters and plans to produce products that
essentially meet those needs. Benchmarking is one of the first form of structured
product development. Products are compared with industry bests from other companies
and improvements are planned to cover possible gaps or to overcome competitor’s
performances. In particular, satisfaction is a measure of how products and services
supplied by a company meet or surpass customer expectation. In a scale from 0% to
100%, 0% is the absence of the feature or great dissatisfaction, 100% is maximum
satisfaction. The aforementioned definitions are given to experts before the interviews
for the evaluation (Fig. 1).

As shown in the example reported in the figure above, in which it is shown a
market potential graph, the product that own the greater market potential is the product
that presents the combination of greater importance levels and lower satisfaction levels
among the various requirements treated.
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3 Proposal: Semantic Analysis and Documents Preparation

The punctual search for information through combinations of keywords represents an
established fact [8], however in the last few years the business intelligence tools have
made important steps forward, allowing us to hypothesize their use for delicate oper-
ations like these.

In the last years, in fact, thinking of basing a decision on a chart was quite risky.
Business intelligence could help suggesting where to go for targeted research and
punctual research.

The advent of semantics has transformed the potential of research, allowing us to
obtain levels of precision in research that were unthinkable until now. The basic idea is
to exploit this technology to produce graphics with high granularity and high precision,
which can be used as quantitative comparison tools [9].

The process cannot be fully automated and still requires different expertise.
Step 1. First of all, an attempt is made to create the pool with maximum recall,

extracting by content analysis tools the basic concepts in a fast and efficient way. This
first screening helps to enter the subject, to find connections that are not obvious even
for experts in the sector and helps not to lose potential requirements to be evaluated in
the market potential that may not have come up in a preliminary planning (Fig. 2).

As it can be seen from the figure, by selecting a parameter it is possible to find all
the correlations between the features, thus deducing dependency links and non-obvious
relationships.

All information from this pool can be visualized in dashboard with automatic
graphs.

Fig. 1. Example of market potential graphical analysis
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Step 2. The second step is to precisely define the pool that serves to evaluate each
requirement. The pool will not necessarily be the same for each requirement. The
semantic analysis is calibrated to identify only the features that are related to this pool.

The more complete the pattern network, the more reliable the final evaluation will
be. Each requirement can be composed from a list of patterns that can be taken from,
for instance: type of product, type of material, objective to be achieved, problem,
parameter to be measured, parameter to be improved, product-proof, objects of a
specific function, functions that the product receives, etc.

Fig. 2. Representation of the filters present on the software framework used to conduct the
analysis

Table 1. Examples of pattern list used in the analysis

Patterns

Goal to achieve i.e. the goal to achieve of changing waste into valuables
Problem to be faced i.e. insulation boards has faced the problem that the aerogel felt easily

infiltrates steam and falls powder and not environmental protection
Product type i.e. different product types: thermal insulation panel in nanoporous

aerogel with support matrix in mineral fiber, resistant to compression,
non-flammable

Kind of material i.e. the three most common kind of materials are silica, carbon and
metal oxides

Parameters to be
measured

i.e. measure parameters, such as thermal performance or light
perpendicularity

Parameters to be
improved

i.e. insulating materials are provided to improve fire resistance and
sound absorption rate

Proof i.e. the invention relates to a wind-proof, rain-snow-proof and cold-
proof thermal outdoor jacket

Technical functions i.e. Aerogel materials presents, as technical functions: strength and
durability expected of engineering materials

Agents involved i.e. Agents involved in the sale of textiles, panels or boards
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Compared to a search by keywords, the logic of constructing the result is reversed.
In the first case we start with a very inaccurate result and manually clean up to obtain
the desired precision, while with semantics we start from a precise search and add
gradually many requests that could contain that information.

Special algorithms allow then to take almost similar concepts present in the dif-
ferent groups almost automatically.

In some cases, a manual refinement is still necessary, or a combination of the two
techniques, but the fact of being able to work with semantics offers the undisputed
advantage of almost always working with pertinent documents, allowing a much more
effective degree of information acquisition and also much faster. Browsing for good
documents also offers the possibility of creating a sector thesaurus with far fewer steps
than searching for keywords.

Step 3. The third step consists in the creation of an infographic to be delivered to
the evaluator during the audit carried out. This analysis can be totally qualitative or, if
who performs the analysis is sufficiently skilled in the field, it is possible to set
quantitative criteria to suggest to the evaluator a first numerical result.

Step 4. As for the final step, the audit is replicated for all the requirements involved
in the analysis. Then the average of all is calculated and the market potential chart is
realized.

4 Case Study on Aerogel Panel for Civil Application

As a means to test the method proposed in this work, the authors have considered the
extraction in full text (i.e. title, abstract, description, claims and priority dates)
regarding the whole patent set concerning the technology Aerogel. The technology
itself is well enough developed as a result of work over the past decade by an inter-
national community of researchers. Several extensive substantial markets appear to
exist for aerogels as thermal and sound insulators, if production costs can keep prices in
line with competing established materials.

Step 1. The authors querying the worldwide patent database in order to interrogate
scientific literature. The goal is to extract the largest set of documents with the aim to
study the problem in a complete and exhaustive way. According to author’s strategies,
all sematic networks among words has been extracted along with the properties,
functions, type, elements, market and technology applications in order to completely
rebuild the technology being investigated.

The query is “AEROGEL OR AERO?GEL OR ((FROZEN OR SOLID OR BLUE)
1D SMOKE) OR (SOLID 1D CLOUD)/TI/AB/IW/TX” according to Orbit patent
database syntax and producing a pool of 47593 results.

A more specific pool add “(PANEL? OR BOARD+) TI/AB/IW/TX” in full text
according to Orbit Database syntax in order to limit the field of application to building
panels (331 patents).

Requirements Selection Phase with Experts in the Field. In this case study, we
consider Aerogel application related to panels for construction. Insulation with the
highest performance and durability is chosen with aerogel insulating materials. Their
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use ensures maximum protection against winter cold, summer heat and humidity. The
product range includes rigid and flexible mattresses, panels, coupled, suitable for the
most diverse applications. Different coating characteristics, size and thickness make
these innovative insulators the most advanced solution for the insulation of roofs, walls,
facades, floors and thermal bridges. They are designed to meet the multiple require-
ments of building insulation applications for new buildings and restoration. The unique
properties that characterize them make them indispensable in realizations that require
maximum thermal performance with minimum thickness. The very low thermal con-
ductivity, flexibility, compressive strength, hydrophobicity, breathability and ease of
use make it the best thermal insulation currently available on the market, effectively
representing the last frontier in thermal insulation (Fig. 3).

Step 2. Any requirement is analyzed in detail by defining a specific pool of ref-
erence documents. In order to create the best pool of documents, a semantic based
strategy is introduced. For instance, if we look for information related to the “fire
proof” requisite, we can use many different patterns dealing with:

• parameters to be improved (i.e. improve heat resistance),
• the class of proof/resistant (i.e. blaze, ignition, overheating, burning, flame, fire-

proof/resistant)

Another set of pertinent documents can be provided selecting all couples dealing
with fire concept from a list of verb + object automatically extracted by the semantic
parser (as reported in Table 1).

Fig. 3. List of the requirements of this study
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From that list for example we can analyze, for instance, patents containing the
couple “Reduce temperature, insulate heat, Impregnate fabric, Coat surface, Coat
substrate, Coat layer, Coat slurry, Coat fabric, Coat coating, Block radiation, Block
heat radiation, reflect light, reflect radiation, Protect layer, Resist temperature, Resist
heat” (Table 2).

The sum of all these combinations constitutes the pool of all the relevant patents of
the dataset for any specific requirement.

Step 3. From the above mentioned patent dataset, we proceed now to understand
and estimate the value of the importance (in terms of R&D investments).

The requirements that will be evaluated are:

• Patent density/numerosity: the number of patents applications during the years.
• Relevance: number of relevant patents
• Investment trend: This graph illustrates the evolution of applications over time,

indicating the dynamics of inventiveness of the portfolio studied.
• Number of patent families and global distribution: size of the applicants’ portfolios

in the patent pool analyzed. This data is a good indicator of the level of inven-
tiveness of the active players (Fig. 4).

• Competitors analysis: differentiation between dead and living patents
• Legal status: differentiation between dead and living patents

Step 4. In some cases it is easy to understand the value to be given, in others it is
necessary to compare with the graphs found for other requirements. The final evalu-
ation is always subjective, but the 360° vision in the form of concise graphs and

Table 2. List of Function + Object through semantic process

Function + Objects

Reinforce panel, structure Reflect light, mirror, radiation, sunlight,
wave, ray

Reduce pollution, temperature, emission,
consumption, noise

Cover surface, layer, glue

Improve resistance, strength, stability,
conductivity

Wrap conductor, paper, tape

Insulate material, panel, board, structure,
heat

Increase strength, temperature, capacity

Support structure, layer Convey belt, pipeline, chain, pipe, fan
Adsorb contaminant, pollutant, substance,
capacity

Immobilize microorganism

Form layer, structure, film, cavity, gel,
groove, electrode

Solve pollution, waste, storage

Impregnate fabric, foam, blanket Protect health, layer
Coat surface, substrate, layer, slurry, fabric,
coating

Resist bacterium, corrosion, temperature,
performance, heat

Block radiation, filter, transfer, ray, heat Restrain growth
Deposit mask, metal, film, layer
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quantitative assessment helps to make more objective decisions. Once importance is
fixed, marketing area and sales managers are interviewed for evaluating also satis-
faction score.

The evaluation of importance and satisfaction is then replicated for all the
requirements involved in the analysis. There are as many evaluations as there are
participants. In the end, it gives an average and creates the final ranking and the market
potential chart is realized.

5 Conclusion

This study proposes a method for the study of the market potential based on an
automatic estimation of the importance of each requirement, or at least those for which
information is available in the various document sources. The basic idea is to use this
technology to produce graphics granularity and high precision thanks to the imple-
mentation of semantics, which can be used as quantitative comparison tools. Compared
to a search by keywords, the logic of constructing the result is reversed, in the first case
we start from a very inaccurate result and manually clean up to obtain the desired
precision, while with semantics we start from a precise search and we add so many
researches that could contain that information. Special algorithms allow then to take
almost automatic analogous concepts present in the different groups. In some cases, it is
still necessary a manual finishing, or a combination of the two techniques, but the fact
that we can work with semantics offers the undisputed advantage of working almost
always with pertinent documents, allowing a degree more effective and also much

Fig. 4. Example of Infographic representation for the requirement monitoring
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faster information acquisition. Browsing for good documents also offers the possibility
of creating a sector thesaurus with far fewer steps than searching for keywords. In the
end, the methodology provides infographics in order to have a clear picture in the most
concise way.
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Abstract. Today’s innovation processes used in industry are generally ineffi-
cient: various sources indicate that only one out of three-thousand, raw ideas
yield a commercial product. Fortunately, most of the ideas are quickly rejected
before much time and money are spent on their development. Still, approxi-
mately 300 of the raw ideas are normally selected for further investigation and
development, which results in launching around 125 small pilot projects and in
other time and money-consuming activities – all for the sake of a single com-
mercially successful product. TRIZ-practitioners claim a much higher efficacy
with the TRIZ-based innovation process because TRIZ provides a more sys-
tematic approach for innovation and dramatically speeds up the new product
development (NPD) process. A number of case studies using TRIZ for NPD
back up this statement; however, there is so far no solid quantitative data
available to support this statement. In this paper, the authors have tried to
evaluate the effectiveness of modern TRIZ in NPD by analyzing a pool of
technical solutions for new products developed for different companies in actual
TRIZ-consulting projects. For each solution, the authors have tried to identify
whether the new product was ultimately launched. This analysis revealed the
number of solutions/ideas that TRIZ consultants developed in order to launch
one new product and the percentage of successful projects. The results show that
using TRIZ improves the efficiency of the NPD process from about 5 to 12
times, which confirms that TRIZ brings high value to NPD.

Keywords: Innovation funnel � New product development � NPD � Quantum
Economic Analysis � QEA � TRIZ

1 Introduction

Today’s innovation process is known to be quite a wasteful practice for businesses. For
example, Stevens and Burley [1] indicate that, on average, in order to obtain one
commercially successful product about 3000 raw ideas are typically generated and
almost all of these ideas are then rejected in the new product development (NPD)
process. This innovation process, or innovation funnel, includes the following steps [1]:
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• About 3000 raw ideas are generated and internally screened,
• Approximately 300 of these ideas are then submitted to decision makers,
• About 125 ideas are further developed in small projects/small efforts,
• On average, only 1.7 of those ideas result in product launch,
• Just one of the launched products is commercially successful.

Other authors indicate similar numbers characterizing the efficacy of the innovation
funnel. For example, Staube in his post [2] indicates that out of 95 projects aimed at
incremental innovations, just one results in launching a product, which is not neces-
sarily commercially successful. These figures are nearly comparable to Stevens and
Burley’s data that 125 small-scale projects yield 1.7 launched products.

The common perception is that in order to increase the probability of obtaining a
commercially successful product it is necessary to generate more ideas, the more the
better. For example:

• In Design Thinking, as Dam and Siang [3] pointed out, “the goal is to generate a
large number of ideas—ideas that potentially inspire newer, better ideas—that the
team can then cut down into the best, most practical and innovative ones”.

• The Systematic Inventive Thinking (SIT) approach by Boyd and Goldenberg [4] is
also based on generating a multitude of creative ideas, but in this case the ideas are
generated ‘inside the box’ just because “…the density of creative ideas is higher
inside than outside”.

In contrast, TRIZ offers a different way to improve the efficacy of the NPD process:
generate fewer – but better and more targeted – ideas, as provided by the TRIZ-assisted
Stage-Gate process [5]. The efficacy of TRIZ as a problem solving and problem finding
methodology is confirmed in numerous papers, for example by Filmore and Thomond
[6], Harlim and Belski [7].

Many case studies confirming the effectiveness of TRIZ have been published [8–11].
The case studies, however, represent only anecdotal data that illustrate how useful TRIZ
is in solving technical problems, but do not disclose how many (if any) of the solutions
obtained using TRIZ yielded commercially successful products. This leaves room for
skepticism and questions about the effectiveness of TRIZ in terms of practical results for
business.

For example, Ilevbare, Phaal, Probert et al. clearly expressed a common attitude
toward TRIZ in their report [12]: “it appears to pay little attention to linking the
inventive problems and their solutions to market needs and drivers. Therefore there
exists the unpleasant possibility of TRIZ providing a solution to a problem which has
little or no profitability or commercial benefit to an organization”.

It should be said that such skepticism seems to be relevant for the older, “classical”
TRIZ that utilizes only Altshuller’s Contradiction Matrix, SU-Field Analysis and
ARIZ, while modern TRIZ has tools such as Voice of the Product (VOP) [13] and
Main Parameters of Value (MPV) Analysis [14, 15] to address business needs better.

In a recent conference paper [16], the authors presented solid quantitative data on
the effectiveness of the modern TRIZ innovation funnel and contrasted it to that
described by Stevens and Burley [1]. The data, derived by a statistical analysis of the
outcomes of 161 actual TRIZ consulting projects in which the authors were involved,
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confirms that modern TRIZ is approximately ten times more efficient in NPD than the
traditional approach researched by Stevens and Burley.

There are, however, researchers who believe that Stevens and Burley’s data,
obtained 22 years ago, is obsolete because the NPD process has become much more
efficient due to advances in computer power and accessibility of information. Never-
theless, NPD has not become more efficient because, as practice shows, while these
factors have indeed speeded up innovations, the level of wastefulness has changed
little: in order to launch one commercially successful product, thousands of raw ideas
must still be generated and hundreds of small projects performed.

In this paper, the authors aim to (1) refine the data on modern TRIZ efficacy by
collecting more statistical information and (2) estimate the practical potential for further
improvement of TRIZ effectiveness in the NPD process by using the Quantum Eco-
nomic Analysis-based screening tool (further: QEA-screening) introduced and vali-
dated by Abramov et al. [17, 18].

2 Method

Just as in the previous paper [16], the authors statistically analyzed the outcomes of
actual TRIZ-consulting projects in which they were involved.

The analysis includes the following steps:

1. Out of a pool of completed projects, only those aimed at NPD or at developing/
improving a new technology for manufacturing an existing product were selected
for further analysis. Projects that were a continuation of some previous project and
aimed at developing the same product were not analyzed.

2. The outcomes of each selected project were identified: (1) the number of
solutions/ideas submitted to the client after the problem solving stage of the project;
(2) the number of solutions further developed (e.g. substantiation, prototyping or
patenting efforts); (3) whether any of these solutions eventually yielded a launched
product (“successful solutions”); (4) whether any of these solutions were rejected by
the client (“unsuccessful solutions”).

3. Percentages of successful solutions and projects (those that yielded launched
products) were calculated.

4. The locations of all successful and unsuccessful solutions within the QEA business
cube were determined – as was done previously by Abramov et al. [18].

The authors wish to make the following comments regarding this procedure:

• The number of raw ideas generated in each project could not be identified because
(1) the TRIZ-based methodology used in these projects does not assume using
brainstorming, SIT or other techniques for generating raw ideas and, therefore,
(2) the raw ideas randomly generated in the projects were not documented.

• Since all of the projects analyzed are small (typically 8–12 weeks), they can be
considered equivalent to the ‘small projects’ in Stevens and Burley’s paper [1].
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• It was not possible to identify just how many of the launched products were
commercially successful because clients are not always willing to share this sen-
sitive information.

3 Results

In this research the authors analyzed a pool of 178 TRIZ-consulting projects, which
they carried out from 1994 through 2018. All of these projects were performed for
different clients representing a variety of industries; all of them were aimed at NPD or
at developing a new technology for manufacturing an existing product. In all projects
the TRIZ-assisted Stage-Gate process [5] was employed.

Of the 178 projects in the pool, 40 were actually a continuation of one of the other
138 projects. That is, these 40 were aimed at further developing solutions generated in
one of the 138 initial projects. For this reason, only these 138 initial ideation projects
were extracted for further analysis.

The projects analyzed have, in total, yielded 1125 feasible technical solutions that
were delivered to the clients after the problem solving stage.

Only 192 of these solutions were selected by the clients and further developed at
the substantiation stage of the projects, which means that some ‘small efforts’ were put
into them (e.g. proof-of-principle prototyping or patenting).

Of this number, the authors were only able to trace the fate of 70 solutions because
clients seldom gave feedback on whether the solutions delivered to them were actually
implemented. These 70 solutions include:

• 32 successful solutions (i.e. those actually implemented in launched products), and
• 38 unsuccessful solutions; that is, they were either abandoned by the clients or the

clients tried to implement them, but did not succeed.

Table 1 summarizes the result of this research.

As can be seen from Table 1, TRIZ provides a much more efficient NPD process
than the regular NPD used in industry. This can be characterized by the success rate at
different NPD stages, i.e. by the percentage of submitted ideas and solutions invested
with some ‘small effort’ that resulted in launched products, as shown in Fig. 1.

Table 1. Data obtained in this research is compared to Stevens and Burley data [1]

Item Data derived in
this research

Stevens and
Burley data

NPD projects 138 No data
Submitted ideas 1125 300
Small efforts/patent submissions 192 125
Launched products (Successful solutions) 32 1.7
Rejected solutions 38 N/A

Evaluation of the Effectiveness of Modern TRIZ 39



In addition to the calculated success rate of different NPD steps, Fig. 1 also shows
the success rate of TRIZ-consulting projects in general.

Figure 2 represents the distribution of the 32 successful and 38 unsuccessful
solutions within the QEA Business Cube, which was determined in the same manner as
in our previous paper [18] that can be referred to for the details of this procedure.

Figure 2 shows that

• Out of 32 successful solutions, 28 fall into the QEA Allowed Set and only 4 do not;
• Out of 38 unsuccessful solutions, only 3 fall into the Allowed Set, while the rest 35

do not.

4 Discussion

As can be seen from Fig. 1, the modern TRIZ applied in the TRIZ-assisted Stage-Gate
process for NPD is an order of magnitude more efficient than the regular NPD process
with regard to the number of small efforts needed to launch one product. This confirms
the results obtained in our previous paper [16].

The results of many projects analyzed in this research are, however, not known to
the authors. Therefore, there is a possibility that some solutions resulting from these
projects have actually been implemented by the clients, or their implementation is still
in progress, which is quite likely for recent projects. This means that the number of
successful solutions and successful projects may be higher than estimated in this paper.
Therefore, the effectiveness of TRIZ evaluated by the method used in this paper should
be considered a ‘pessimistic estimation’, while the actual effectiveness of modern TRIZ
may be much higher.

In addition, it is important to note that all solutions, including those rejected by
clients, were substantiated and proven technically feasible at the end of each project
analyzed. The clients appreciated and accepted all of these solutions, but later rejected
some of them for non-technical reasons.

As shown by the authors in a recent paper [18], while clients rejected a few
solutions for personal or other subjective reasons, most solutions were rejected because

23.2% 

2.8% 

16.7% 

0.6% 1.4% 
0%
5%

10%
15%
20%
25%

TRIZ-consulting projects Submitted ideas Small efforts
Data derived in this research (for the TRIZ-assisted Stage-Gate process)
Stevens and Burley data (for the regular innovation process)

Fig. 1. Success rate at different NPD stages (calculated using the data from Table 1)
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they were unpromising in terms of business impact. Such solutions could have been
rejected early in the project by the TRIZ team if the new TRIZ tool called ‘QEA-based
screening’ [17] had been employed.

For this reason, the authors believe that using this tool may further increase the
effectiveness of modern TRIZ.

For example, based on Fig. 2, we can conclude that if QEA-screening had been
used in the 138 projects considered in this paper, then out of 70 solutions analyzed only
28 successful solutions and 3 unsuccessful solutions would have been delivered to the
clients, while the other 35 unsuccessful solutions and 4 successful solutions would
have been discarded before delivery. This, then, would have saved the money and effort
spent on developing 39 solutions, most of which were eventually rejected by the client.

It seems fair to assume that:

1. In real projects, the solutions rejected according to QEA will be replaced by others
that pass QEA-screening, and

2. The success rate of promising solutions that pass QEA-screening will be about the
same, as can be determined from Fig. 2, i.e. about 28 out of 31 solutions
(approximately 90% of solutions) will be successful.

Legend: P1…P4, C1…C3 and M0…M4 - levels of product, company 
and market development, respectively. 
Gray cells represent the combinations of these levels that are 
within the QEA Allowed Set. 
Successful solutions that do not fall into the Allowed Set (S) and 
unsuccessful solutions that do fall into it (U) are indicated in red.
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Fig. 2. Distribution of 32 successful (S) and 38 unsuccessful (U) solutions across the levels of
the product, company and market development within the QEA Business Cube.
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Under these assumptions, if the 39 solutions that did not pass QEA screening in this
research were substituted by potentially successful solutions, then the overall success
rate of 138 TRIZ consulting projects in Fig. 1 could be increased from 23.2% to
about 46%.

Opponents might argue that QEA-screening (1) rejects some potentially successful
solutions that do not fall into the allowed set, resulting in a loss of profit that these
solutions would generate, and (2) still delivers some potentially unsuccessful solutions
that fall into the Allowed Set.

In this research, however, we did not find a confirmation to this concern because:

• All 4 successful solutions that did not fall into the Allowed Set in Fig. 2 yielded a
launched product only after a very long development process: when the product
reached the next stage of its evolution and/or the market for the product became
more mature. So, these solutions can be considered successful only with some
reservations because they required far much effort and money before launching a
product.

• All 3 unsuccessful solutions that fall into the Allowed Set in Fig. 2, were unsuc-
cessful only for subjective reasons: in 2 cases clients decided to abandon the
developed solutions and focus on some other products; in one case the client was
technically unable to implement the proposed solution, although we delivered a
working prototype of the product. In fact, all of these solutions could have been
successful and should not have been rejected.

5 Conclusions

The results presented in this paper confirm the results reported in a previous paper [16].
The research shows that the effectiveness of modern TRIZ in the TRIZ-assisted Stage-
Gate NPD process is at least ten times higher than the regular innovation process, and
about 23% of TRIZ-consulting projects result in a launched product (pessimistic
estimation).

The new TRIZ tool ‘QEA-screening’ may help to reduce the number of generated
solutions that are unpromising businesswise, thus further increasing the effectiveness of
modern TRIZ and the success rate of TRIZ-consulting projects (in terms of percentage
of projects that yield a launched product) to about 46% or even higher.

Acknowledgements. The authors would like to thank Deborah Abramov for her helpful
comments and for editing this paper.
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Abstract. The paper is devoted to the concept of an ideality and its derivatives:
an ideal functional system and an ideal outcome. The differences between them
and the scope of their practical application are studied.
The current state of art in modeling and problem solving algorithms in TRIZ

are also highlighted.
A simple analysis-synthesis algorithm for inventive problem solving is pro-

posed using the concept of an ideal outcome and a resource approach aimed to
reducing the ideality of the result through a resource analysis of the situation.
The proposed algorithm, in contrast to ARIZ, was created to solve problems
with a single conflict, i.e., without related (conjugated) functions that form a
contradiction of conditions. In addition to the concepts mentioned above, the
algorithm relies on the “solution backwards” method and the use of element-
functional modeling of conflicts (EFM.C).
The paper also provides an example of analysis-synthesis for a simple pro-

duction problem in order to show the mechanics of individual steps of the
algorithm, as well as the entire algorithm as a whole.

Keywords: Ideality � Ideal functional system � Ideal outcome � Ideal final
result � Resource analysis � Analysis-synthesis algorithm � ARIZ

1 Introduction

The subjects of the study are concepts and toolkit of the science of creativity and its
heuristic part – contemporary TRIZ, sharpened to solve non-standard (inventive)
problems. There are many disagreements on various terms and concepts. In particular,
this concerns one of the key concepts of TRIZ – ideality and its applications to the
result and functional system.

At this point there are two main disadvantages in the interpretation of the stated
subjects: (1) such concepts as value and ideality are placed on the same shelf; (2) the
concepts of an ideal system and an ideal outcome are mixed.

There is also no simple tool for working with these concepts: for analyzing the
conflict model and further synthesis of solution ideas.

All existing algorithms can be divided into two categories. The first one includes
overly complex tools that contain almost all concepts – from conflicts and contradic-
tions to resources and physical effects – for example, the algorithm of inventive
problem solving (ARIZ). The second one includes tools that are weak in terms of
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heuristics and dialectics, and they are not effective enough in solving complex
extraordinary problems – for example, such sets of techniques as SIT, ASIT and so on.

For these reasons, it makes sense to deal with the aforementioned concepts and with
the basic tool of contemporary TRIZ to increase the effectiveness of their application.

2 Background

In contemporary TRIZ, conceptual modeling is used. This implies precise definition of all
the concepts used. To this end, the formula of concepts definition has been proposed [1].

The purpose of this study is to understand the ideality, its derivatives (an ideal
functional system and an ideal outcome) and the development of practices for their
application.

Historically, the ideal outcome in TRIZ is called the “ideal final result” (IFR). Such
a name most likely implies a final solution that suits the inventor. But it has significant
disadvantages. First, ideality itself is already a limiting abstraction. Secondly, the result
finiteness creates a sort of psychological barrier which limits the search for possible
alternative solutions to the problem.

It should be noted that IFR was not immediately introduced into the first versions of
ARIZ, although it is analogous to an element of the well-known method of solution
backwards, which was proposed by Pappus (III-IV centuries A.D.), a Greek mathe-
matician and founder of Heuristics. In modern times this method was revived by
George Polya (1945) [2].

However IFR is often used independently due to the fact that it has high heuristic
power. And since “ideality” is the key concept here, it often happens that IFR is
confused with another similar concept – the “ideal system”.

For instance, the work [3, p. 76] states that the ideal final result can be achieved by
the application of different tools through use of resources, and also that systems
become simpler, not more complex, because: Ideality = RBenefits/(RCosts + RHarm).
Although evolution is always a development which is the equivalent of the increasing
complexity.

A similar definition of ideality is presented in many other works, for example, in
the book [4]. At that, the authors write about the ideal result. Here is another vivid
example when the ideal result is defined as an ideal system: “It’s when something
performs its function and does not exist” [5, p. 23].

On the other hand, one of the first definition of value is [6, p. 5]:

1. Value is always increased by decreasing costs (while, of course, maintaining
performance).

2. Value is increased by increasing performance if the customer needs, wants, and is
willing to pay for more performance.

Thus, it is necessary to precisely define all these concepts and figure out how to use
them in practice to successfully solve inventive problems.

Today, the only tool within the classic TRIZ developed for this purpose is the
ARIZ-85C (its latest version approved by Altshuller) [7]. In case of single conflicts,
either inventive techniques or so-called Substance-Field (Su-Field) Analysis [7] are
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usually used. Both of these tools are seriously outdated and do not have acceptable,
sufficiently effective analogues.

ARIZ-85C has a mechanism for using the concept of “IFR”. But the algorithm is
practically not used because it is complex, contains a large number of steps and it is
necessary to formulate contradictions of different types.

In this connection, it is proposed to use a simplified version of the algorithm for
solving problems without revealing contradictions. This new algorithm based on the
key concepts of contemporary TRIZ: desired outcome, ideal outcome, and element-
functional resources (EFR). For this, it is necessary to clarify these concepts, and
outline ways of their practical application to eliminate conflicts in the framework of
solving inventive (non-standard) problems.

3 Ideality and Outcome

If the value tends to infinity, it turns into the ideality. In other words, the ideality is the
ultimate value. Taking value as the ratio of functionality to cost, it is possible to obtain
a number of ways to idealize the target object (Fig. 1).

The ideality can also be achieved in another way. Since the object model is an
abstraction, the maximum abstraction assumes presence of only the most significant
feature – the function. This also agrees with the value formula.

Next, it is necessary to make a clear choice about what outcome one needs to obtain
under the problem conditions. This outcome will depend on the type of the function
involved in the conflict model. All conflicts are associated with five types of actions
(Fig. 2):

1. Infliction of harm.
2. Excessive or over activity.
3. Unstable (nonpersistent) action.
4. Weak or insufficient activity.
5. No activity or malfunction.

Fig. 1. Representation of ideality.
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Thus, the desired outcome will represent a new future state of the function:
(1) harmful function – to eliminate or neutralize; (2) inadequate functions – to nor-
malize; (3) missing function – to provide.

And only after the desired (or even required) outcome is determined, it is necessary
to start its idealization.

4 Idealization – for System and Outcome

The science of creativity (or invention) and contemporary TRIZ deal with objects of
reality while at the level of abstractions one develops models that allow of achieving
goals and solving problems that stand in the way of these goals.

Real objects are modeled as functional systems (FS), which serve as one of the
main subjects of study. The complete schematic of the functional system was presented
in the author’s work [1].

Modeling is the process of selecting the essential features of the object. Whereas
idealization (or absolutization) assumes working with the most essential feature only,
and is the highest form of abstraction. For functional systems, it is the function as a
model for changing the object of function. And the outcome of the function imple-
mentation is the outcome of the change – the new state of the object of function (Fig. 3).
This concept of the desired outcome is true for a useful, adequate (normal) function.

It is for this reason that the ideal functional system (IFS) is reduced to a function.
Cost is a relative or even subjective factor, and therefore is not taken into account in
ideal models.

Thus, the IFS is formed by way of application of the idealization operator to the
“functional system” concept, and has rather psychological meaning than the practical
one.

Fig. 3. Model of function and possible outcome.

Fig. 2. Types of conflict activities.
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The ideal outcome is designed to be used within the framework of algorithms, but it
is often used independently, which, supposedly, is the reason for the loss of its original
meaning.

The algorithmic approach uses the ideal outcome concept, when the desired state of
a function (an object of function) is achieved by itself, with no costs for the process of
obtaining it. The ideal desired outcome (IDO) as well as the ideal functional system are
the benchmarks that make it possible to use resources for implementation of the
required functions.

G. Altshuller proposed another version of the IDO – for detection and measuring
problems – which was recorded only in the short video of 1974: “How to search for
Cinderella? Formulate the ideal final result. How to make it perfect? There is no one
except Cinderella <…>”. For example, if it is required to find a needle in a haystack,
then the IDO can be formulated in the same way – there is nothing but a needle. That is,
generalizing this principle, everything that stands in the way (obstacle to the goal)
should somehow disappear.

The direct interaction of the “ideal system” and “ideal outcome” concepts can occur
when it is necessary to ensure the required action if there was a function missing in the
original conflict. Here, ideally, the function should be implemented by the missing
system that is the ideal system.

5 Basic Analysis-Synthesis Algorithm for Conflicts Resolving

To achieve the ideal desired outcome, a simplified algorithm based on mobilization of
resources is proposed.

5.1 Analysis

At this stage the object under consideration is analyzed, and the environment is
evaluated.

Step 1. Initial situation. Decomposition of form. It is necessary to make a list of
all the elements available and their features. If the conflict is clearly localized, it is
sufficient to specify only those elements which belong to the operational area.

Step 2. Revealed conflicts. Decomposition of structure and functions. It is
necessary to highlight the main conflicts between the selected elements: obstacles,
harm, inadequate or missing activity.

NB. It is possible to select all interactions between all the elements starting from the
first step. But it will complicate the analysis process. If there are too many elements,
then it is more convenient to switch to a purely analytical tool – for instance, value
(triple) analysis. This particular algorithm is designed for the localized conflicts.
Therefore, the number of such elements will be minimal.

Also, it is necessary to indicate here the type of each function: harmful, useful
(excessive, insufficient and unstable), missing (see Fig. 2).

Step 3. Desired outcomes. It should describe the final outcomes that will suit you.
That is, when there is no conflict, and everything works properly: there is no obstacle,
no harm, the required interactions are ensured.
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If several conflicts are considered, it is necessary to describe the outcome for each
activity. The desired outcomes will depend on the function type and correspond to the
number of harmful, inadequate and missing functions.

Step 4. Idealization of the desired outcomes. At this step, the ideal representation
of all the desired outcomes (see Step 3) for each function (see Step 2) is carried out. In
other words, the ideal processes for achieving the desired outcomes should be for-
mulated. The results are achieved by themselves (automatically), with no cost.

“Self” is the key operator that tunes thinking process to a creative mode, and
removes doubts about the feasibility of achieving the desired outcomes.

The ideal outcome is only the guiding star. It is necessary try to maximize the
system value by changing the functionality and cost. This provides several ways to
achieve perfection. For example, it is possible to add functions to the elements
imagining that these functions are performed – themselves, without additional costs and
support from other elements.

5.2 Synthesis – De-Idealization of Outcomes

At this stage, the fabulousness wrapper is discarded, and it is necessary to proceed to
the new formulations of the process of achieving the specified ideal outcomes – it is
achieved, but not by itself. Although the operator “itself” may be retained for greater
effect.

It is necessary to start the search for resources and their application. But, in
accordance with the proposed algorithm, most of the resources have already been
collected in Steps 1 and 2. So, it remains to apply them. To do this, it is required to
consistently insert the available resources (see Frame 1 and Frame 2 in the template –
Fig. 4) in the following wording:

<Resource or its feature> [itself] ensures the achievement of <the (ideal) desired
outcome>.

Step 5. Use of conflict area resources to achieve ideal outcomes. The 1st step
backward from the ideal outcomes: resource mobilization in the conflict areas – see
Elements and Functions from Step 2. That is, now it is a retreat from the ideal, and
anything will not happen by itself (not automatically), but with the use of assistants,
some X-factors.

In this step, only those resources are used that are within the conflict operational
space. That is, the interaction is normalized only at the expense of those elements
which are involved in this interaction.

Each new formulation is an additional trigger for our thinking in search for new
ideas. Much more paradox formulations appear. This is exactly the main objective of
the algorithm.

Step 6. Use of remaining resources to achieve ideal outcomes. This is the 2nd
step back from the ideal outcomes: mobilizing resources from the environment, system
and supersystem. Here, resources should be taken from Step 1 – Elements and their
Features; and from Step 2 – Functions, including space-time resources. If necessary,
search for resources should be repeated.
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The total number of formulations here will depend on the number of resources
found. The bigger number of different resources are used, the grater departure from the
ideal outcome will be.

Therefore, at this and previous steps, a number of quite specific challenges come up
to be solved on one’s own or delegated to appropriate specialists.

Step 7. Solution ideas. A frame for recording solution ideas (Fig. 4). If too many
ideas spring up, it is better to use a special notebook for this purpose.

After the main resources are used – if an acceptable solution is not found or if more
ideas are required – an additional step needs to be taken combining and modifying
these resources (see ARIZ-85C, Part 4).

6 How to Use the Algorithm in Practice

In order to clarify the situation with the application of this algorithm, a simple example
is offered. This will help to better understand the principles and concepts presented
here.

The purpose of this example is only to demonstrate the mechanism of individual
steps of the algorithm. There is no emphasis on solution ideas and their feasibility.

Part 1. Situation analysis.

Initial Situation. There is a furnace for heating workpieces. To unload workpieces
after heat treatment and to load new workpieces, it is necessary to open the chamber by

Fig. 4. Basic analysis-synthesis algorithm template.
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lifting the housing. This leads to negative consequences – hot air leaves the chamber
and as a result there are excessive energy consumption and time wastes for new air
heating.

Step 1. Identify all available components in the situation context.
It is better that this step is performed by an expert on the system in question.
The following components are available: chamber, housing, hot air, heater ele-

ments, electric drive, workpiece, etc.
Unrecorded resources can be added later.
Step 2. Determining the area (and time) of the conflict.
The main conflict occurs in the process of reloading the workpieces – when the

housing is opened, the temperature inside the chamber goes down.
What element of the chamber is specifically designed to hold hot air? Camera

housing. This means that it is necessary to formulate functional conflict between the
housing and hot air during the restart of the process: housing is NOT holding hot air in
the workpiece processing area (Fig. 5).

In this case, in the diagram the missing (or insufficient) action is shown as a dashed
line. The word form does not contain a negative particle NOT.

Step 3. Desired outcome formulation.
The outcome is based on the type of conflict function from Step 2. It is necessary to

ensure normal (adequate) performance of the function.
Desired outcome: housing is normally holding hot air in the workpieces processing

area, that is, hot air remains within the chamber during its restart (reloading of
workpieces).

Step 4. Idealization of the desired outcome.
It is necessary to formulate an ideal outcome based on how the desired outcome

was set in Step 3.
Therefore, hot air itself has already remained in the chamber (during the restart).
It would be better to start this step with a mental representation. In order not to spoil

the ideal image that the imagination painted, you should not write anything yet.
NB. This image is formulated in the perfect (completed) form. In the next steps with

the use of resources, all formulations should be in the continued (process) form.
Part 2. De-idealization of outcome.
De-idealization of outcome is a synthesis of solution ideas using the resources

collected during the analysis.

Fig. 5. Graphic representation of the element-functional model of conflict (EFM.C) [8]; where:
ES – Energy Source; WE – Working Element; OF – Object of Function.
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Step 5. Using conflicting elements as primary resources.
The formulation would be something like this: the hot air itself is holding hot air in

the area during the restart process.
And here it is necessary to make another formulation – for the second element

involved in the conflict (see the connection with Step 2 in Fig. 4): housing itself is
holding hot air in the area inside, during the restart process.

Similar wording should also be added here for all characteristics of conflicting
elements.

After that, they should be reformulated into tasks (specific challenges). It is these
tasks that will need to be solved further. They are not quite inventive, but rather
engineering.

For example, the task: how to make the thermal insulation layer is keeping the hot
air in the process of restarting?

Such tasks should be distributed among the project participants.
Step 6. Using the remaining resources (from the system, supersystem and

environment).
At this step, the resources that were taken into account at Step 1 are used.
New resources can also help other resources that are already working on achieving

the ideal (desired) result from the previous step.
An example of new task: how to make cold air is keeping hot air from leaving the

treatment area?
All relevant ideas should be recorded in the Frame 7: Solution ideas (see Fig. 4).
Thus, we are going from the initial situation through the inventive problem in the

form of a functional conflict to engineering tasks. Some of these tasks can also be
inventive problems and they must be rerun through this algorithm.

7 Conclusions

In the paper, the ideality idea is presented. The desired (required) and ideal outcome
concepts are considered.

The differences between the ideal outcome and the ideal functional system are
shown as well.

The algorithm for solving inventive problems, based on two fundamental mecha-
nisms of thinking – analysis and synthesis – has been proposed: thinking goes through
construction of the desired outcome, its idealization, and the reverse trace (de-
idealization) using the rules for resource mobilization – that is, their search [analysis],
choice [operational stage] and application [synthesis of solutions].

It is recommended to start learning and teaching the tools of contemporary TRIZ
from this algorithm, because it is the assembly of the very first basic concepts that
previously had to be studied individually: Element, Function, Functional System,
Element-Functional Resources, Ideality, Ideal FS, Desired and Ideal Outcomes.

It can also be used for guided facilitation sessions for solving non-standard
problems.
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Also, the proposed algorithm works with single functions only. The algorithm can
have at least two names, according to operating principle: Analysis-Synthesis Algo-
rithm; and by function: Functional Conflicts Eliminating Algorithm (FCEA).

If contradictions arise, it is necessary to switch to more advanced algorithms, for
example, ARIZ-85C. To work with the contradiction-removing algorithm, a prelimi-
nary study of additional concepts is needed, including: contradictions of conditions and
contradictions of requirements [1].
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Abstract. According to Genrich Altshuller and most of his students, his eight
laws of technical systems evolution were found by systematic patent analysis. In
this paper, we show that not a single patent must be studied to derive the very
same eight laws, but rather that they follow from an analysis of the concept of
artificial instrumental systems in the context of a competitive world with scarce
resources. Our investigation yields a clear definition of ideality which—insofar
as certain constraints are respected—indicates multiple trends underlying the
evolution of systems towards increased competitiveness when resources are
scarce. By making the truth conditions for each law explicit, we attempt to
explain why some high generality patents from the 20th century contradict some
of Altshuller’s laws. We conclude that although patents can be seen as a useful
source for inspiration, validation and falsification of generalizations, they are not
the most promising place to start to look for laws of system evolution, since
mere induction from past examples cannot provide the justification needed to
meaningfully inform engineers about how to develop systems in the future. Our
approach suggest an alternative route for articulating and justifying such laws.

Keywords: Laws of system development � Technological forecast � Ideality

1 Goal and Structure of the Paper

In 1979, Genrich Altshuller published 8 laws of technical systems evolution [1], which
according to him [2] can be found by systematic study of high generality patents. Both,
critics [3] and advocates [4] of the usefulness of Altshuller’s laws emphasize that
thousands of patents were analyzed to discover these laws. Although there is an
abundant literature proposing divergent formulations of these and other laws that are
often called trends or patterns (see, for example, [5–10]), we will concentrate on
Altshuller’s initial formulation from 1979 [1].

Our paper aims to show that, in principle, not a single patent must be studied in
order to arrive at Altshuller’s eight laws of technical system evolution. Rather, they
follow from the meaning of a technical system when understood as an artificial
instrumental system in the context of a competitive world with scarce resources. This
deductibility is the actual reason why they might be able to lay claim to some law-like
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status1—at least as long as the respective conditions for their application are respected.
This, however, does not imply that they should not be tested against the evidence from
the patent stock (see Sect. 4).

The paper comprises three major parts. First, we will articulate in general terms
what systems are by putting our focus on the notion of instrumental systems, which can
either be static or dynamic, and natural or artificial (Sect. 2). Second, we will show
that Altshuller’s eight laws from 1979 can be inferred from the general statements
explaining these distinctions—at least insofar as additional restrictions such as scarcity
of resources and competition are assumed (Sect. 3). Third, we will reflect on the
counterexamples from a patent analysis done by [19] and show how the derived truth
conditions for Altshuller’s laws help explain these contradictions (Sect. 4). Finally, we
will summarize our findings and indicate how to proceed further (conclusions in
Sect. 5).

2 General Reflection on Systems

2.1 Systems in General and Instrumental Systems in Particular

A system is a whole that consists of parts, which—insofar as the system is not an
abstract one—can be anything that has some mass. Together these parts bring about
effects. Systems are useful as long as they can be controlled such that their ability to
realize effects makes it possible to employ them for particular purposes in particular
contexts. When systems are employed for particular purposes, they are serving func-
tions and will be called instrumental.

1 Traditionally, the term law requires some form of deductibility. According to [11], the debate about
the definition of natural laws falls into two camps: systemic approaches and universal approaches.
In the case of systemic approaches, natural laws are viewed in the context of deductive systems.
Deductive systems consist of axioms and their logical consequences: theorems. Some of them are
stronger than others, which means they are able to explain more. Some others are simpler and thus
less complex. Simplicity and strength are seen as competing virtues insofar as a system can be made
simpler by reducing strength, which can be achieved easily by elimination of some of the axioms
resulting in a simpler system (see [11]). As a proponent of the systems approach, [12] believes that
an account of our natural laws can be found in the totality of our true deductive systems that have
the best strength-simplicity ratio. In contrast, universal approaches think about natural laws in terms
of particular things being seen as instantiations of their universals. For example, a law that states
that horses are mammals would assume the existence of (i) the universals horse-ness and mammal-
ness and (ii) a necessitating relation—i.e. a relation of causality that is not merely logical [13]—
between horse-ness and mammal-ness, such that horse-ness necessitates mammal-ness. Making
such necessitating relations explicit in the form of laws allows for deduction. In both types of
approaches—systemic and universal ones—deductibility is crucial for calling something a law. The
way in which Altshuller’s laws are usually presented in the literature—i.e. as being found by
comprehensive patent analysis—rather resembles the style of universal approaches. In contrast, we
are going to show that they follow from a handful of axioms within a simple deductive system.
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2.2 Living Systems with Needs and Desires

Living systems depend on instrumentalizing their environments. They must build
cellular components from chemicals and energy (anabolism) and break down organic
matter (catabolism) to either release energy or to serve anabolic reactions. These
processes of metabolism require living systems to make use of what their environments
provide. We will call a lack that would threaten a living system’s healthy existence—if
not satisfied—a need. In addition to needs, some living systems—in particular humans
—have desires. They come as the feeling of wanting.

2.3 Satisfaction of Needs and Desires Requires Activity

In order to fulfill a desire or to satisfy some need, living systems must do something.
Humans, for example, must breathe to enrich themselves with oxygen and plants must
convert sunlight into chemical energy for growing. While—for most people—breath-
ing is a subconscious activity most of the time, putting ourselves under water changes
the situation entirely. Our standard technique of enriching our blood with oxygen will
not work anymore.

2.4 Solving Problems with Techniques and Technical Devices

Living systems face problems, as soon as they are unable to fulfill some desire or to
satisfy some need. Problems can be solved in a variety of ways. What can count as the
most appropriate solution depends on context. Sometimes simple techniques such as
breath retention can do the job. Sometimes, a basic technique is not enough, and some
external enhancement is needed, for example a snorkel that allows us to breathe under
water as long as the opening at the top of the snorkel remains above the waterline. In
the latter case, we have employed something to help us satisfy our need to enrich our
blood with oxygen by enabling us to breathe. We are not only using some technique
but also some technical device.

2.5 Artificial and Natural Systems

While strolling around, we could be lucky and find some specially grown hollow
wooden tree limb and use it is as a snorkel. Alternatively, we could make one on our
own. In the first case, we would have to be able to recognize the function that the
wooden limb could perform for us. In the second case, we will have to purposefully
process something such that it can serve this function. In both cases, we must be able to
recognize our need and understand that we are looking for something that makes it
possible for us to breathe under water. It might already exist and we have to find it, or it
might not exist yet and we must create it. We will call everything that was purposefully
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created or manufactured artificial to distinguish it from natural things that were not
purposefully put together by someone.2

2.6 Functional Parts

In its simplest version, a snorkel is a hollow stick that is U-shaped at the bottom. The
shorter leg fits into a human’s mouth, while the longer leg is straight and reaches out of
the water when used as a snorkel. Although the device consists of only one part, it can
be called a system, because from a functional perspective, multiple parts can be dis-
tinguished: the “mouth part”, the “channel part”, and the “chimney part”. Technically,
functions are expressed in the form “part A + function (verb + measurable noun) +
part B”. Take, for example, the channel part (A), which constrains (verb) the movement
(measurable noun) of the air flow (molecules [B]) within the snorkel.

2.7 Energy Transformation and Static Systems vs. Dynamic Systems

A function that can be executed while an equilibrium is reached such that the
responsible parts do not have to expend any energy—as, for example, in “the screw
positions the plate”—will be called static.3 In contrast, functions will be called
dynamic if their execution requires any of the responsible parts to expend energy, as in
“the lever changes the position of the basket” (where something or someone needs to
move the lever). Accordingly, we will speak of a static system when taking into
account static functions alone—for example when reflecting on how the snorkel is
constructed. Analogously, when taking into account dynamic functions as well, we will
call the system dynamic. Since energy cannot be produced from nothing, dynamic
systems have to be their own energy sources by somehow transforming energy from
their environments. Energy transformation is thus a key feature of dynamic systems.

2.8 The Functions of Systems Show in the Respective Dynamic Super-
Systems

Due to their dependence on dynamic systems, we would not be able to identify a static
system’s function if we were not able to imagine or observe it performing its roles
within dynamic super-systems.4 For example, a bicycle on its own is a static system.
When being ridden, it is part of a dynamic super-system within which it serves a
function. A bike has the disposition to become dynamic, but it is not dynamic in itself.
The same holds for the snorkel. Only when used by someone for snorkeling does this

2 The totality of roles that an artificial system can be employed for does not have to be equal to the set
of roles it was designed for in the first place. A bridge, for example, can be designed for allowing
cars to cross a river, but it might also provide shelter from rain.

3 Note that this notion of a static function is an abstraction, since, upon closer consideration,
functions can only be called static when abstracting from undesired dynamics—for example
material wear in the screw that positions a plate.

4 Note that some of the functions responsible for keeping the static system’s form can be identified
irrespective of the system’s role in dynamic super-systems.
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static system become part of a dynamic super-system and show its proper function. In
one sentence: to understand functions of systems, we have to investigate them in the
context of the dynamic super-systems where they satisfy some need or desire.

2.9 Hierarchical System Structure

Dynamic super-systems can themselves be systems in some wider dynamic super-
system. A cyclist on a treadmill, for example, can be part of an energy generating
fitness center. The treadmill (static system) and the cyclist (dynamic system) form a
dynamic super-system, which is part of the larger dynamic super-super-system that
consists of multiple ridden treadmills, a battery etc. Most of the time, systems exist in
much more complex hierarchies than this one and it would be pointless to add the
prefix “super” to each higher or “sub” to each lower level. From now on, we will
therefore abandon this practice if no additional clarity can be gained by pointing out the
different levels of hierarchy.

2.10 Energy Input as a Key Feature of Dynamic Systems

Although the ridden treadmill transforms mechanical energy into electrical energy, it is
a static system because it requires a cyclist to receive energy in the first place.
Therefore, the ability to transform energy is not enough for a system to be dynamic.
Suppose the cyclist was replaced by a combustion engine providing the mechanical
energy needed to turn the shaft of the pedals. As long as they are being fueled, engine
(dynamic) and treadmill (static) would become a dynamic system. Energy input is thus
a further key feature of dynamic systems. A dynamic system that is cut off from its
energy source will sooner or later turn into a static system.

2.11 Dependence Versus Relative Independence

If a dynamic system does not have control over its own energy input, it is dependent on
the dynamic system controlling it. This dependency comes in different forms. Elec-
tronic devices have power switches that are controlled by their users, solar thermal
heating systems depend on whether or not the sun is shining and mammals have to find
food or water to fuel their metabolism. Roughly speaking, the dynamic system con-
trolling another’s energy input determines whether or not the latter will remain
dynamic or become static. Generally speaking, the more control a dynamic system
gains over its fundamental operational functions such as energy input, the more
independent it becomes.

2.12 Energy Conduction, Control, and Work as Key Features
of Dynamic Systems

As far as we know, energy can neither be destroyed nor created, but only transformed
from one form to another. That dynamic systems transform energy shows in their
production of effects. Some of these effects might be useful for someone while others
might not. This usefulness of the produced effects is the result of their work and it is
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also the reason why they are employed by others for their purposes. However, the work
a dynamic system is employed for is different from the work carried out by the dynamic
system’s mechanism. When we want to turn a shaft by means of a combustion engine,
the engine must burn fuel to transform chemical energy into mechanical energy.
Besides guiding the input energy to its place of conversion and transforming it, the
energy must be directed to where it can do the work it is supposed to do. Directing
energy requires both control over the energy flow and the capacity to conduct energy
from input, via transformation, to output. Figure 1 contains a summary of what we can
say about dynamic systems in general terms.

2.13 Scarcity of Resources and Efficiency

Those who employ a static or dynamic system for their own purposes are interested in
the output produced by the dynamic super-system emerging during this process. The
output shows in the work being done. This work comes at some cost. It is tempting to
say that a dynamic super-system that consumes less energy to produce the same
amount of work under similar conditions and with more or less the same undesired side
effects is better than a system that consumes more. However this only holds if the
energy resource we are talking about is scarce or at least hard to obtain. Assuming such
scarcity, efficiency gains become desirable.

Fig. 1. The illustration captures necessary features of (instrumental) dynamic systems: They
consist of parts which together bring about effects by transforming and directing energy such that
it becomes useful for someone’s purposes—primary function(s). The interactions of the parts can
be described as processes that require a certain amount of time to be executed and that must be
synchronized in order to work together under sufficiently controlled circumstances. The parts
themselves have a mass and spatial dimensions. Insofar as we know the ratio between the amount
of energy being consumed and being outputted in a useful manner, both energy transformation
and transmission efficiency can be determined. Efficiencies lower than 100% result in side effects
—i.e. in effects different from the system’s primary function(s).
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Departing from the above analysis of general features of dynamic systems (see
Fig. 1), we can compare the efficiencies of systems serving the same primary functions
by relating these functions to the invested energy (see Eq. (1)). This energy comprises
(i) the energy being lost during operation, (ii) the energy contained in the useful work
of the primary function(s), (iii) the energy required for manufacturing and (iv) the
energy stored in the form of materials (mass). In order to increase a system’s overall
efficiency—which is desirable under the assumption that resources are scarce, we will
have to choose one or multiple of the options expressed within the following equation:5

efficiency" ¼ primaryfunction"
energyinvested#

¼ primaryfunction"
energylost#þ energyout#þ energymanuf #þ energystored# ð1Þ

2.14 From Efficiency to Ideality

While scarcity of resources makes efficiency gains desirable, it can be said that the
pressure of competition forces systems to evolve towards being more efficient. Pushing
the tendencies for increasing efficiency to their most extreme values (zero and max) or
—as Altshuller would say—to their ideal forms, we will obtain Altshuller’s famous
definition of ideality (where no resources are needed to obtain the benefit of the
system’s function): The ideal system is the fulfillment of the function without a system
[1]. Figure 2 summarizes these tendencies—and thereby the meaning of ideality—in
one table. As a consequence, it can be said that a system that develops according to
these tendencies is becoming increasingly ideal:

2.15 Integration in Wider Super-Systems

From the tendency to become increasingly ideal, a trend toward functional integration
into larger super-systems can be inferred:6 (i) A system that is serving multiple
functions is more ideal than (ii) multiple systems that are serving all of these functions
individually, assuming that (i) the multi-functional system consumes fewer resources
(space, time, energy, materials) and (ii) that the quality of the execution of the functions
does not suffer from the integration.

5 An upward arrow stands for increase and a downward arrow for decrease. The upward arrow
behind primary function indicates both quantitative and qualitative improvement, while quantitative
improvement means larger amount of primary functions.

6 See Fig. 2 “primary function(s)” (MAX).
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2.16 Integration Means Mediating Conflicts

Functional integration yields conflicts insofar as systems that are to be integrated
compete over shared resources (space, time, material resources, energy). Systems that
are able to integrate their sub-systems in a win-win fashion will be more efficient and
therefore more competitive and more ideal than those that cap the potential of their
individual sub-systems due to inner-systemic conflicts.

2.17 Increase of Efficiency Through Increase of Control Over More
Fundamental Activities

When taking a look at the energy flow in dynamic systems above, we came across
(i) energy input, (ii) energy transformation, (iii) energy conduction, (iv) energy control
and (v) targeted energy output as necessary functions. The efficiency of each of these
functions contributes to the system’s overall efficiency. Loss of energy during any of
these activities diminishes the system’s overall efficiency and therefore provides

Fig. 2. The illustration shows the extreme values for each of the general features of dynamic
systems, indicating the respective tendencies for an increase of the system’s overall efficiency.
Accordingly, both the energy put in and the energy (work) required to fulfill the primary function
(s) should be zero as should be the parts’ masses, spatial dimensions (when space is considered a
scarce resource), side effects and execution time. In contrast, the amount and quality of the
primary function(s) should be maximal, as should be the energy transformation and transmission
efficiencies, overall controllability and synchronization of processes.
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opportunities for increasing ideality through problem solving.7 Since energy cannot get
lost, loss of energy refers to transformation of energy into a form that cannot be used
for executing the system’s functions and, in this sense, is wasted. The better a dynamic
system controls the activities underlying these functions, the more it will get out from
its initial energy input.8

The idea behind this principle is simple: intervening closer to where an activity
originates allows for more controlled guidance of resulting effects as compared to
intervention on the level of later emerging effects. For example, a central bank that
aims at increasing investments into the economy by lowering interest rates cannot
determine what banks will do with the cheap money. In contrast, direct control of the
decision making of the banks would allow for more targeted intervention. The same
holds for effects emerging from the activities of objects on an atomic and sub-atomic
scale such as electromagnetism or material properties. The better we understand and
control the origin of the effects of interest, the better we will control the effects
themselves. Since increasing ideality is achieved by reducing losses while increasing
functionality, systems that efficiently control the effects they exploit on the most
fundamental level of their emergence, will turn out to be more ideal than systems
operating at a later stage in the chain, where losses have already accumulated. If the
origin of the effects exploited by some system resides at the sub-atomic scale, the
system will have to obtain better control over the lower-scopic9 levels to become
increasingly ideal. As more refined physical cause-effect relationships become known
for further exploitation, we will see an increase in systems using them for their pur-
poses. This holds for both the creation of artificial instrumental systems and for our
understanding of the causal mechanisms operating in natural dynamic systems.

7 See Fig. 2 “efficiency of energy transmission” (MAX), “efficiency of energy transformation”
(MAX), “energy in” (ZERO), “energy out”—corresponding to the work of the primary function
(ZERO), “controllability” (MAX).

8 How efficiently energy can be transformed by a given system depends on its ability to release the
energy that is stored in what the system takes as input. Given that the maximal energy of a body is
equivalent to its mass, a dynamic system can operate with increasing amounts of energy, the more
control it gains over the matter it is dealing with. Burning a kilogram of dry straw provides
approximately 16.8 MJ in energy. The loss of rest mass of about 1.9 � 10−7 g is so small that it is
nearly impossible to measure. In contrast, when uranium decays, 0.1% of its mass is released as
energy. After the reaction, the mass of the substance that initially was one kilogram of uranium is
about one gram smaller, which is equivalent to a release of 9 � 107 MJ. To use uranium as an
energy source, we must be able to trigger the required chain reactions and control them adequately,
which requires understanding and control of the processes on an atomic scale. In contrast, in order
to burn and control one kilogram of straw, all we have to know is how to initiate and sustain a fire,
which can be done on a macro-scale level. If we were able to transform the entire kilogram of
anything’s rest mass into energy, we would obtain roughly 9 � 109 MJ. To do so we would have to
be able to control the building blocks of matter on the lowest scale possible.

9 We avoid the term “microscopic” since “micro” has the well-defined meaning of 10−6. By coining
the term lower-scopic, we want to convey the meaning of a spectrum for zooming out (macro-scale)
and zooming in (towards sub-atomic scale).
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3 Inferring Altshuller’s Eight Laws of Technical Systems
Development

This general understanding of systems is sufficient to derive Altshuller’s eight laws as
stated in 1979 [1]. Altshuller split them into three groups: (A) statics, (B) kinematics,
and (C) dynamics. Note that Altshuller’s usage of the terms “statics” and “dynamics”
differs from our usage.

(A) The first class of laws deals with the beginning of a technical system’s life, which
is understood as the result of synthesizing parts into a whole

(1) Law of system completeness: The first law states that a technical system would not
be able to perform its functions, unless at least the following four parts with their
respective functions are present: engine (for energy conversion), transmission,
working unit and control unit. At least one of these parts must be manageable to
make the system manageable.

As we have seen, this statement only holds for dynamic systems. Static systems,
such as tables, picture frames, plates, chairs, unridden bicycles, etc. do not have to
transform energy in any meaningful manner in order to provide their functions.10 The
need for the five functions—(i) energy input, (ii) transformation, (iii) transmission,
(iv) control and (v) targeted output (working unit in Altshuller’s sense) follows from
the fact that dynamic systems have to convert and control energy to bring about the
effect that makes them instrumental for something (instrumental systems), themselves
(self-sustaining living systems) or both (see Sects. 2.7, 2.10, and 2.12).

(2) Law of energy conductivity: Altshuller’s second law states that a system’s need
for energy transformation requires the ability to conduct energy from the con-
version unit to the working body. As we have seen, this can only be said about
dynamic not static systems and is already contained in the meaning of
transmission/conduction (see Sect. 2.12).

(3) Law of synchronization: The third law states that all parts of the system should
work in coordinated rhythm.

Again, this only holds for dynamic systems and is due to the requirement that
multiple parts have to contribute to the same process, which is the production of the
system’s effects through energy conversion and control. Insofar as the parts contribute
to the same process their contribution has to be coordinated in time, which is just a
different way of saying that coordination of rhythm is required.

(B) Altshuller put the second set of laws under the title “kinematics” stating that they
refer to the development of technical systems irrespective of specific technical or
physical factors contributing to the development.

(4) Law of increasing degree of ideality: Altshuller’s fourth law is probably the most
popular one and claims that all technical systems develop towards an increasing

10 When zooming onto an atomic and sub-atomic level, we will find dynamic energy conversion,
irrespective of whether we are analyzing a static or a dynamic system. However, this does not affect
the meaning of the distinction between static and dynamic on a macro-level.
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degree of ideality with the system’s weight, volume and area tending towards
zero, without diminishing its capacity to perform work, resulting in Altshuller’s
popular definition of an ideal technical system as function without a system [1]. In
the TRIZ literature, it is common practice to understand ideality not only in terms
of spatial and material resources, but also in terms of all resources (time, space,
energy input, material resources) in the form of a qualitative cost-benefit equation
with functionality above and costs and problems below the fraction line [14]. In
[5], which is a translation of [15], ideality is defined as the ratio between useful
and harmful effects.11

As seen above, the trend of increasing ideality (summarized in Fig. 2) is due to the
need to increase efficiency (see Sects. 2.13 and 2.14). Increased efficiency, in return,
provides a competitive advantage when resources are scarce. While the law of
increasing ideality refers to both static and dynamic systems, it depends upon the
assumption of competition and scarcity of resources. It would be an interesting thought
experiment to investigate what would happen to the trend towards an increasing degree
of ideality if the problem of scarcity of resources were solved.

(5) Law of uneven development of a system’s parts: The fifth law states that the parts
of a technical system develop unevenly. As a consequence, system conflicts arise,
where one sub-system hinders the further development of another. Altshuller’s
example here is the insufficiency of brake systems in large ships [17].

This argument depends on two assumptions. The first is the system definition itself
stating that systems bring about their effects by collaborative work of their parts. Due to
the dependency of systemic effects on the interaction of all of the relevant parts of a
given system, weaker parts will be bottlenecks for the stronger ones or the system will
become unstable when weaker parts cannot balance out the stronger. The second
assumption, which is not contained in the system definition itself, is that these parts do
not develop simultaneously. This might be true if the system’s designer was unilat-
erally focused. However, the law will collapse as soon as systems are developed from a
holistic perspective by taking the functions of all sub-systems into account.

As we have seen above, there is another argument for the necessity of the outbreak
of system conflicts that does not rely on assuming a limited perspective of the designer
(see Sect. 2.16). Rather, it is based on resource dependency. Different sub-systems
might exploit shared resources (energy, material, time and space), which will result in
conflicts when these resources are scarce.

(6) Law of transition to the super-system level: Altshuller’s sixth law states that when
systems have exhausted their developmental potential, they become sub-systems
within larger systems—that is their function is integrated into a super-system. As
we have seen, this follows from the ideality statement under the condition that the
function of the integrated systems is enhanced rather than worsened and that the

11 According to [16], the translation contains slight modifications, but we currently have no access to
[15] to judge whether or not they affect this definition of ideality.
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non-integrated individual systems would require more resources for delivering
their function (see Sect. 2.15).

(C) The third class of Altshuller’s laws is titled “dynamics” and reflects the main
trends in the development of technical systems in our—or rather Altshuller’s—
time; Creativity as an Exact Science was published in 1979 [1].

(7) Law of transition from the macro- to the micro-level: The seventh of Altshuller’s
laws claims that when a system’s developmental potential is exhausted on the
macro level, it will be fundamentally rebuilt with its working body acting on a
lower-scopic level. As we have seen, this is due to the principle that the ability to
control the more fundamental activities from where the effects emerge provides
more control over the entire process. Therefore, less energy loss is accumulated,
which results in higher efficiency and thus a higher degree of ideality. Moreover,
the production of new effects is made available (see Sect. 2.17).

(8) Law of increasing involvement of substance-field systems: The eighth of Alt-
shuller’s laws finally states that the development of technical systems proceeds
towards an increasing involvement of substance-field systems. In order to clarify
the meaning of this statement, we first need to look at the role that substance-field
(Su-Field) systems play in Altshuller’s theory. Roughly, the Su-Field notation
aims at representing problems in terms of cause-effect relationships by means of
three major categories: substances, fields and actions. Fields are supposed to act
upon and to be produced by substances. The actions of being produced and acting
upon something are represented by means of arrows, which can highlight quali-
tative differences (harmful, useful, insufficient, and excessive). This notation is
used to represent problems and can be converted into the notation of functional
modeling where components (substances) act via functions (arrows) upon other
components. The main difference between function and field seems to concern the
level of abstraction. While fields are categories for physical effects, functions
describe the activity by which one component acts upon another. In order to
preserve the information represented in a Su-Field model which states that “A
pushes B” by means of a mechanical field, we would have to say “A mechanically
pushes B”. Thus, in a Su-Field representation, the physical principles bringing
about some effect are made explicit (something that is not necessarily shown in a
functional diagram, but could easily be added).

Altshuller’s eighth law states that no-field systems tend to develop into field sys-
tems (note that Altshuller’s notion of a no-field system might be equivalent to what we
are calling static system)12, the number of connections between the elements of a
system increases, the responsiveness of the system increases, and mechanical mecha-
nisms are replaced by electromagnetic ones.

12 Take for example a hammer, a nail and a wall. Without what Altshuller would call a mechanical
field that is provided by, for example, someone’s arm, the nail could not be hammered into the wall.
According to our terminology, we need a dynamic system (the person who takes and controls the
hammer) to turn the static systems—hammer, nail, wall—into a dynamic super-system: The person
uses the hammer to hammer the nail into the wall.
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All of these observations result from statements outlined before, namely that (i) the
ability to efficiently control lower-scopic effects often makes it possible to influence
matter more efficiently and extensively than handling them on a macroscopic
mechanical scale (see Sect. 2.17) and that (ii) static systems are only useful insofar as
they are integrated into dynamic super-systems (which refers to no-field systems
turning into Su-Field systems) (see Sects. 2.7 and 2.8). Note that (i) is only true if we
can control the lower-scopic behavior efficiently enough to gain an advantage over
macroscopic mechanical control.

4 Patent Analysis for Validation/Falsification—not
for Induction

We have shown that, without the study of a single patent, Altshuller’s eight laws of
technical system development from 1979 [1] can be derived from a reflection on the
nature of systems, in general, and instrumental systems in particular. All in all, this
shows that the law-like nature of these general statements about systems is due to their
inferability from even more general statements. Instead of trying to derive laws of
technical system evolution from patent analysis, it seems to be more promising to use
the patent fund as resource for validation. In 2006, [19] tested Altshuller’s laws in the
following manner. From [20] they took the 68 highest generality US patents from
1963–1999, which are patents that are cited by subsequent patents belonging to a wide
range of International Patent Classification (IPC) classes. For each of these patents, the
authors studied the state of the art section in order to understand the transition from the
state of the art situation to the solution in the respective patent. For each of the technical
system evolution trends, they checked whether or not it could have been used for
developing the solution and whether or not it contradicted the transition proposed in the
patent. Altogether, the 68 patents provided examples for each of Altshuller’s laws,
while 3 patents provided counter-examples concerning law (2) energy conductivity,
law (5) uneven development of a system’s parts, and law (8) increasing use of su-fields.
Despite our inability to get in touch with the authors of [19] to gain access to sup-
plementary materials to view the counter-examples, our above analysis has shown that
the contradicted laws are conditional, which might explain the contradictions: Law 2
does not hold for static systems, law 5 is not valid when the product was developed
from a holistic standpoint, and law 8 depends on efficiency concerns, which allows for
the possibility that a mechanical solution is more efficient than its non-mechanical
predecessor.

5 Conclusion

As we have shown, Altshuller’s eight laws of technical system evolution can be
derived from a general reflection on artificial instrumental systems in the context of a
competitive world with scarce resources. As a result, the conditions for applying the
laws could be made explicit, which helped to hypothesize why 3 out of 68 high
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generality patents contradicted 3 out of 8 laws in the study of [19] (see Sect. 4). While
patents are a useful source for inspiration, validation and falsification of generaliza-
tions, they are not the most promising place to start to look for laws of system evolution
since mere induction from past examples cannot provide the justification needed to
meaningfully inform engineers about how to develop systems in the future. Moreover,
we drew the attention to resource scarcity as a fundamental condition for the validity of
most of these laws, which allowed us to summarize the meaning of ideality in a
deductive manner (see Fig. 2). Given that the number of general resource types is
limited—time, space, material, energy—we believe that additional general statements
about systems can be derived by further taking into account the general characteristics
of each resource type in their respective contexts. Doing so might result in the for-
mulation of trends similar to the patterns articulated in [18]. The same holds for (i) a
more thorough investigation of the fundamental features of dynamic systems (see
Figs. 1 and 2), (ii) a closer look at differences of employing living or non-living
systems for certain jobs, and (iii) a definition by cases depending on whether the
instrumental system is abstract (theories) or concrete (material).
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Abstract. As one of the most important knowledge sources of TRIZ, the
collection of Physical effects is currently searched in a very basic way. In order
to enhance its use, different proposals have been brought to the community to
classify effects into different categories. Among them, a rule-based approach
classified the collection of physical effects into four categories and built a set of
rules to facilitate its direct use. However, this approach is not robust enough due
to the lack of instances of physical effects. In this paper, we propose a new
approach to classify physical effects in order instantiate the existing ontology. In
addition, preliminary results are presented to demonstrate the feasibility of the
approach. The results brought us evidences that we facilitate the direct access to
the collection of physical effects.
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1 Introduction

According to Altshuller [1] the use of the scientific effects is one of the most important
approaches that facilitates solution finding. For the reason that this collection of
knowledge contains natural phenomena previously unused in the engineering domain.
The use of this collection of effects often give rise to simple and reliable designs. In
order to facilitate its use, the collection of physical effects provides the mapping
between the technical functions and the available technical laws.

However, the technical functions and the available technical laws while the
physical effects are a collection of physical phenomenon. They are at different levels of
abstraction, thus making the access of the collection of physical effects from technical
functions quite difficult. In order to address this problem, existing researches have
proposed different ways to classify this collection of knowledge in order to ease its
usage. These classifications are either based on the physical parameters that describe
the effects or based on the categories defined by the constructed domain models such as
ontologies. However, the existing classifications do not support the direct use of the
collection of the physical effects, as a consequence, it requires knowledge both in
engineering and physical domain.

Tackling at this drawback, existing research have proposed a physical effects
ontology to facilitate its direct access by classifying the physical effects into two
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categories (substance effects and field effects) [2]. However, the knowledge base is not
complete thus limits its use. Therefore, in this paper, we focus on instantiating the
existing physical effects ontology based on machine learning to support the con-
struction and the population of the physical effect knowledge base, with the aim of
support decision making by reusing existing ontology.

The remainder of this paper is organized as follows. In chapter two, we give a
literature review about the existing classifications of physical effects and the need of
ontology instantiation. In chapter three, we present the proposed method. In chapter
four, we present the preliminary result to validate the proposed method. Finally, in
chapter five, we conclude this paper by discussion and conclusion.

2 Literature Review

The classical way to classify the physical effects is by their functions, which is
knownas the pointers to scientific-engineering effects (as it is depicted in Fig. 1). The
pointers classified the effects by different technical functions they perform. For
example, the technical function Change shape can be achieved by the use of the effects
like Curie point, Evaporation, Ferromagnetism, crystallization etc.

In this way, the effects can be accessed by searching for the technical functions.
However, the use of the scientific-engineering depends on the user’s experience in the
engineering domain to map between conceptual (technical functions) and actual
(scientific-engineering effects) solutions. Therefore, this type of classification is useful
for experienced users but making its use for novice users very difficult.

Apart from the pointers to scientific-engineering effects, the classification of effects
based on the construction of a domain ontology is getting more and more attention.
This is because the construction of an ontology not only facilitates the description of

Fig. 1. Pointers to scientific-engineering effects
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the modeling domain, but also enables the knowledge induction by the establishment of
rules. Combined together, the construction of ontology enables the automatic inference
of needed knowledge without the intervention of human.

An ontology is a formal and explicit specification of a shared conceptualization. It
is composed of classes, instances and their binary relations that are used to express
knowledge about the domain of interest. In an ontology, classes are abstract collection
of objects. The instances are concrete objects of its class. Relations are links between
pairs of classes, pairs of instances or between classes and instances. Rules are another
form of expressing knowledge in the domain of interest [2]. They are used to reflect the
notion of consequence and are in the form of IF-THEN-constructs. In this way, rules
are able to express complex statements of different types. Based on the construction of
rules, techniques of automated reasoning allow a computer system to draw conclusions
from the existing ontology.

The work of [3] organized the effects by a chain of design elements at different
abstraction level. It creates the causal relationship between the functions and structures
by physical variables. It is based on the fact that most of the physical laws include
variables and constants. And the application of these physical laws depends on such
descriptors. The work in [4] constructed an ontology that classifies the physical effects
based on the language descriptors. In this ontology, the classes are input, output and
object. The relations for representing the interactions between the classes are: Cause
Action, EffectAction and ActionObject. In this way, different effects can be classified
and represented by different text descriptors that are extracted from natural language
texts. Other direction of this research has conducted by authors in [5] as well, who
proposed a dynamic approach that does not rely on the classification in advance.

The work in [6] developed the physical effects ontology that classified the physical
effects into two categories: Sub_PE and Field_PE (Fig. 2) in order to facilitate its use
with the Inventive Standards. The physical effects ontology classified the physical
effects based on the substances and fields it concerns. Along with it, this work also
constructed the rules based on the Inventive Standards. These notions are particularly
interesting because they enable the user to access directly to the needed effects by
reasoning on rules once they have obtained the substance-field model of the his/her
problem. Therefore, the novice user can access to the needed effects through the
substance-field model without understanding what function that is performed by which
effects. However, even though the physical effects ontology has been built, it should be
instantiated largely in order to provide enough knowledge for the users. Therefore, we
should consider a method to instantiate the physical effects ontology to facilitate its
reuse.

Ontology instantiation is the process of building the knowledge base. It consists of
adding new instances of concepts and relations into an existing ontology. This process
usually starts after the conceptual model of ontology is built [7].

The construction of the knowledge base makes it possible to perform reasoning
tasks with the aim of assisting decision making. However, to construct a knowledge
base is not an easy task because it is based on the capture of categorized knowledge.
Therefore, it is often done manually by domain experts.
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In order to solve this problem, we adopt machine learning to automatically classify
the physical effects in order to instantiate the physical effect ontology and in this way,
constructing the physical effects knowledge base.

3 Methodology

In this chapter, we propose a new approach based on machine learning which enables
the instantiation of physical effects knowledge base. The proposed approach is
implemented to classify the collection of physical effects as two classes (Sub_PE and
Field_PE). The proposed methodology is composed of three steps as it is illustrated in
Fig. 3:

• Step1: data collection
• Step2: feature extraction
• Step3: classification and ontology instantiation

The first step is to collect the data needed. In here, the data should be in the machine
interpretable form in order to apply the classification techniques later. However, there
are two main difficulties. One is that the physical effects are in the form of natural
language and we need to find a way to represent them in a computer process able way.
The other is to find an appropriate text similarity measure in order to perform the
classification task.

We address these problems by using Wikipedia1 as a knowledge base to create a
graph for each effect based on the Wikipedia category network. In this way, each

Fig. 2. The physical effects ontology (from [5])

1 https://en.wikipedia.org/wiki/Main_Page.

A New Way to Classify Physical Effects for Ontology Instantiation 73

https://en.wikipedia.org/wiki/Main_Page


physical effects will be represented as a hierarchical graph composed of a set of its
related categories.

The second step is feature extraction. Based on the characteristics of the obtained
graphs, which are not suitable for applying classification algorithm, we have to find a
way to extract features from them. Feature extraction consists in transforming arbitrary
data, such as text or images, into numerical features usable for machine learning tasks
(e.g. classification task). In order to extract features from the obtained graphs, we are
inspired by the vector-space model [8] and represent each effect by all the categories
associated with it. We assign the value of each feature by the distance between the
effect and each category on the shortest path from the effect to the category. In this way,
we obtained a multi-dimensional vector for each effect, where each category related to
this effect on the retrieved graph corresponds to an axis. Such that the values along the
axes for the effect correspond to the distance between this category and the effect on the
shortest path linking them.

Fig. 3. The proposed methodology
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In this way, we can construct a large feature matrix where each row corresponds to
an effect and each column corresponds to a category that is retrieved from the
Wikipedia network. However, the resulting feature matrix is too large which will
increase the training time. Therefore, we have to reduce the dimensions of the matrix
by preserving the most significant features to shorten the training time for the predictive
model. To do so, the Principal Component Analysis (PCA) is applied to achieve this
goal.

Once the feature extraction is done, we can apply the classification algorithm to
classify the data. To do so, we have to train a classifier. A classifier is a function that
maps an unclassified piece of data to a class by applying an induction algorithm, which
builds a classifier from a given dataset [9]. In order to train the classifier, we have to
apply a proper classification algorithm [10] on the training set obtained from the
previous step. One of such method is the k-Nearest Neighbor algorithm (kNN) [10].
The advantages of applying the kNN classification algorithm is obvious: There is no
existing model to classify the physical effects but a collection of correctly classified
effect instances that is labelled by the domain experts. kNN method assumes that the
observations which are close together will have the same classification, making it
possible to classify the given effects based on the effects with a label. Once the
classifier is obtained, we can instantiate the physical effect ontology based on the
obtained label.

4 Preliminary Result

In our experiment, we try to validate the proposed approach to classify the physical
effect Boiling. We take 11 physical effects to conduct our experiment. Among them, we
use 10 as the training set and 1 as the testing set. The aim is to classify the effect boiling
into one of the two categories.

Firstly, we have to obtain the graph of each effect. It is obtained by retrieving the
Wikipedia category network. Therefore, for each effect, we obtain a category graph by
querying Wikipedia. In Fig. 4, an excerpt of the obtained graph of boiling is presented.
Once the graph of each effect is obtained, we eliminate the irrelevant categories. For
example, at the first level of the category graph of boiling, there are two irrelevant
categories. They are All_Articles_needing_additional_references and All_Arti-
cles_needing_additional_refences_from_June_2017. In Fig. 4, these irrelevant cate-
gories presented by the red nodes. In our approach, these categories are deleted in step 1.

The next step is to apply the feature extraction method to transform the obtained
graph into a multi-dimensional vector. To achieve this goal, we assign the shortest
distance between a category and the effect on the shortest path between them. For
example, the value of feature Phase_transitions is 1 because the distance between the
category Phase_transitions and the effect Boiling on the shortest path is one. In addi-
tion, a special case is that there is no path between the effect and a category, for
example, the category Electromagnetic_radiation, Electrodynamics and Radiation. In
this case, we assume that the distance is 11. This is because in our graphs, the distance
from an effect to the Contents category (root node) ranges from 3–10, therefore, 11
means that the value is infinity.
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Once the vector of each effect is obtained, we construct a feature matrix with 11
rows and 89 columns where each row corresponds to an effect and each column
corresponds to a category that is retrieved from the Wikipedia network (as it is pre-
sented in Fig. 5). With the obtained matrix, PCA method is employed for feature
selection. We fit the PCA preserving 95% of components and obtained a new matrix
with 11 rows and 5 columns, where each row corresponds to an effect and each column
corresponds to the assigned k principle components after the feature selection.

Then, the obtained training set is used as the input for classification task by
applying the kNN method. And finally the 10-fold cross validation is applied to
determine the value of k. To do so, we divide the training set into 10 subsets of equal
size and repeat the 10-fold cross validation 10 times, where each time one subset is
assigned as the Testing_set_cv and the rest are assigned as the Training_set_cv.
Therefore, each time the cross validation is performed, we can evaluate its performance
by calculating its accuracy rate. The accuracy rate is obtained by dividing the sum of

Fig. 4. An excerpt of the effect Boiling

Fig. 5. Visualization of the feature matrix
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TP and TN by the sum of P and N, where TP is the number of true positive samples,
TN is the true negative samples, P is the number of positive samples and N is the
number of positive samples. In this way, the mean accuracy rate is obtained by cal-
culating the sum of the 10 accuracy rates and divide it by 10 as it is depicted by Eq. (1).

ACC mean ¼
P10

x¼1 TPþ TNð Þ= PþNð Þ
10

ð1Þ

The 10-fold cross validation is used to determine the value of k, which is the
number of the nearest neighbors. We varied the value of k from 1 to 5 and the
ACC_mean of k = 1, k = 2, k = 3 and k = 5 are respectively presented in Table 1.
From this result, we can observe that k = 5 is a better choice than the others since it
yields a better accuracy rate than the other values of k.

5 Discussion and Conclusion

In this paper, we proposed a new approach to classify the physical effects based on
machine learning. More specifically, it is based on the use of Wikipedia and kNN
method. The proposed method can be applied to instantiate the physical effects data-
base automatically which contributes the reusability of domain ontologies and the
independence from domain experts.

The preliminary result showed that we have successfully applied the proposed
method to classify the physical effects, and achieved the mean accuracy of 0.995 when
k = 5. This encouraging result enables further directions of research:

• To largely populate the physical effects into two classes by a bigger data set;
• To populate the relations of the physical effects ontology with more refined

classifications.

However, the proposed method relies on labelled data which is sometimes difficult
to obtain, therefore, there is a need to find some ready to use dataset in order to
instantiate the physical effects ontology with more individuals. Moreover, it is also
interesting to test other machine learning techniques on a larger dataset in order in
increase the precision of the classification result, such as naive bayes classifiers [11],
support vector machines [12], radial basis function (RBF) networks [13] etc.

Table 1. Experiment result

Category K = 1 K = 2 K = 3 K = 5

Substance_effect 0.5 0.5 0.873 0.955
Field_effect 0.5 0.7 0.7 0.873
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Abstract. Frugal Innovation is an unorthodox approach to product design
recognized in many developing countries, where creativity is essential to gen-
erate solutions that increase economic and social value while fewer resources,
usually taken for granted are available, if at all, keeping the focus on delivering
the main function with state-of-art technology. Big companies are also applying
a similar philosophy, called “disruptive innovation” or “reverse innovation”, to
meet the needs of potential customers with limited buying power and enter new
markets, introducing novel business models. The peculiar attentiveness to the
sparse usage of raw materials and resources offered by frugal innovation is also
relevant for rethinking the design process in view of sustainable development.
The present paper will review some examples and show how the TRIZ

thinking frame can effectively assist frugal innovation projects, formulating the
Ideal Final Result and formalizing a dedicated process, based on Resource
Analysis, Functional Analysis and Trimming.

Keywords: Frugal innovation � Resources � Ideal Final Result

1 Frugal Innovation: Definitions, Features and Methods

Frugal Innovation emerged as an unorthodox approach adopted in the Global South to
address basic needs and offer state-of-the-art solutions [1] characterized by high level
of creativity. It was sparked in India, favoured by several socio-economic and cultural
factors [2], i.e. the need for “affordable excellence”, availability of technological
expertise and a positive attitude towards frugality. It praises solutions that allowed to
get more value a better social impact from limited resources and at lower cost. Frugal
Innovation states a different Value Proposition, reversing the notion of product inno-
vation based on added functionalities (previously in the “nice to have” space foreseen
by the Kano model) and increased complexity, leading to a more attractive and
expensive high-end product.

Moreover, the ability to generate a positive impact on sustainability and progress
for a larger group of people otherwise out of the picture is thought to be a source of soft
power and influence [3], aligned with the Sustainable Development Goals [4]. It has
been recognized and investigated with growing interest in the scientific community, in
association with keywords like Bottom of the Pyramid, Emerging Markets, Jugaad,
Reverse Innovation, Disruptive Innovation, Low-Cost Innovation [5]. It is expected to
be in demand also globally, in view of the growing need for social innovation and
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sustainability [6]; in fact it quickly found a big resonance in the western countries [7] as
the a way to address new urgent global needs world-wide, i.e. connecting a larger base
of customers with limited purchasing power. In Europe efforts are made to define the
relevant space with several studies requested by the European Commission [8, 9],
where it emerged that challenges posed by environmental awareness, climate change,
excessive complexity and financial austerity would increase frugal solution success in
Europe, along with the opportunity to reformulate design approaches for cheaper and
smarter solutions.

Multinational companies like GE, Siemens, Philips, Bosch already recognized in
the early 2000s that affordability brings about big opportunities to open market seg-
ments in emerging countries and allows to retain market position; in order to diffuse
products and solutions it is possible to sacrifice some “nice to have features” while
focusing on the delivering of the minimal function with state of art technology,
bridging the gap between pricey products and the basic needs of customers without
money. For a product success, defeaturing was recognized not to be enough, but a need
to rethink the entire design process was stated, paying attention to the local peculiar-
ities, thus paving the way for the so-called “Disruptive Innovation” or “Reverse
Innovation” [10], later also called “Corporate Frugal Innovation” [11].

A big effort has thus been undertaken to define Frugal Innovation as a concept and
frame it as a process. At first, many definitions based on descriptive criteria to qualify a
solution as frugal have been proposed, highlighting cost reduction, concentration on
core functionalities, and optimized performance level [12]. In [13] a longer list of
features is compiled: Affordability, Simplicity, Robustness, User friendliness, Econo-
mies of scale, Quality, Locality, Sustainability, this last one underlining the opportunity
to support greener solutions.

Most of literature contributions offer definitions and identify processes, gathering
countless case studies and formulating statements to changing the operating mode,
mostly adopting empathic methodologies, but pragmatic proposals of a structured
workflow to organize a frugal innovation project are still rare. A seminal example is
presented in [14], where a combined approach of VAVE (Value Analysis/Value
Engineering) and TRIZ tools allows to removing all unnecessary features from a
product and reducing the cost. The workflow is organized according to the SAVE
Template [15], where TRIZ is used after a value Analysis, during the creativity phase,
focusing on Trimming and Function Oriented Search applied on the generated function
modeling and identification. In this paper it will be discussed how TRIZ could offer a
stand-alone workflow dedicated to frugal innovation, offering the tools to overcome
technical issues. The list of Frugal innovation features can be used as idea-
downselection criterion.

2 TRIZ Tools Relevant to Frugal Innovation

The tools that so far have been identified in literature relevant to Frugal Innovation are
Trimming and Function Oriented Search: this is consistent with Frugal Innovation most
evident attributes:
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– Focus on functionality: a previous step of Function Analysis (be according to
VAVE or Modern TRIZ schema) to identify the most expensive functions and
establish a function ranking, along with a systematic the pathway for simplification;

– Defeaturing: trimming and radical trimming to maintain the focus on main functions
and redistribute or eliminate the remainder, so as to “do more with less”;

– Function oriented search to “do better and cheaper”, leveraging from existing
alternative technologies and adapting to frugal environments.

In this paper the focus is on a workflow entirely based on TRIZ, and the discussion
on the relevance of approach offered by other TRIZ tools, like:

– Ideal Final Result (IFR): to give an essential formulation of the need to cover;
– Resource Analysis: to systematically analyze what is available to solve the problem;
– Function Level Analysis/Trend of increasing Coordination: to enhance the focus on

functionality and take the appropriate steps in the decision-chain;

These observations led to the identification of a dedicated TRIZ-based workflow, as
explained in Sect. 3.

As far as the S-Curve analysis is concerned, the classic TRIZ theory foresees a First
and a Transitional Stage with focus on delivering the Main Function and a Second
Stage, when the product reaches market success, when functionality increases quickly
to gain new customers; a frugal approach would need to review this formulation.

3 TRIZ-Assisted Systematic Process for Frugal Innovation

The proposed workflow foresees the following steps:

1. Ideal Final Result Formulation
2. Resources Analysis
3. Level of Functionality – Trend of Decreasing Human Involvement
4. Idea generation
5. Selection vs. Frugal Innovation Criteria
6. Business model formulation
7. Implementation

A case study to showcase this workflow in presented in Sect. 4.

4 Example: GIZ Water Supply Project in Uganda

Water is essential for any civilization. Still today about two billion people don’t have
access to clean and potable water. Water scarcity already represents one of the most
important global challenges [16], expected to be exacerbated by the climate change,
representing a crucial problem to be solved for sustainable development. The following
example reports a frugal innovation experience from The GIZ project in Kabale,
Uganda, addressing a water supply scarcity issue.
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Typically, western countries want to address this problem with the western State-
of-the-Art: use high technological solutions to pump and clean water. The current
solutions are photovoltaic pumping systems. They consist of the following basic
components (Fig. 1):

• PV Modules that have to be imported and that are expensive;
• Inverter to convert the PV power into power to drive a submersible pump: this part

is as well expensive and produces in developed countries;
• Submersible motor/pump combination: also to be imported;
• Water tank, pipes, hydraulic fitting (usually available in the country), which make

*10% of whole value chain.

Such a high technology system is furthermore usually designed for usage by proper
trained persons and for good environmental conditions. The operation is done by a
switch (on/off) and the operation is indicated by a LED: green – system operates, red –

system failure. A repair on site by local people is not possible. The following pictures
show the elements of such a PV Pumping System.

It is evident that in such a case an ordinary well-known solution would represent
not only a non-affordable product, but also deliver an unsatisfactory performance
regarding the life-cycle behavior. It is not adopted to the needs, skill set and require-
ments onsite.

Fig. 1. Usual non-frugal approach components: top left, clockwise: Photovoltaic Modules,
Inverter, Water Tank & Piping, Motor/Pump combination
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We will now demonstrate how a TRIZ-assisted frugal innovation approach would
address this issue by using the proposed workflow.

4.1 Ideal Final Result (IFR)

The IFR can be formulated as a System, that always and safely delivers water by
itself.

4.2 Resource Analysis

A Resource Analysis was performed, leading to the list of the all available water
reservoirs:

– Water itself
– Water holes (water is scooped)
– Deep wells
– Surface wells
– Rivers
– Handpumps
– Sakieh (Fig. 2)
– Atmospheric Humidity

This list will also serve as a checklist for Trimming (described in Sect. 4.5), while
brainstorming how to redistribute the functions to the external environment.

4.3 Level of Functionality – Trend of Decreasing Human Involvement

In this chapter we detect the level of functionality for the different resources, so as to
assess the adaptability to the selected frugal environment. The Trends of Decreasing
Human Involvement is used as a tool since it is very helpful as a rating criterion as a
system evolves. The levels are defined according to Fig. 3:

Fig. 2. Sakieh
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The engineering system ALWAYS consists at least of the operating agent. That is
the functionality it was designed for. Control system, energy source and transmission
are part of the super system. Over time transmission, energy source and control may
move from the super system to the engineering system. This includes a reduction of
human involvement. E.g. 1st automobile was the chassis and the motor. The driver had
to do everything – start motor by hand, move wiper, move flasher, etc. Now we have
lots of assistant systems in a car that help support the driver and we are nearby
“autonomous driving” where even the control system moved to the engineering system.

For the resources listed in Sect. 4.2, human involvement is very high for all sys-
tems, but the handpump and the Sakieh.

One could improve the reduction of human involvement by using motorized sys-
tems like diesel fueled systems or photovoltaic systems. For the motor pumps, human
involvement would be needed to start/stop of the system, refueling and maintenance.
The operation affords technical expertise, but since combustion vehicles are well
known, the skills are available. A system where controls are moved as well is a
photovoltaic system. It operates fully autonomous (Fig. 4).

4.4 Idea Generation: From Resources

As already presented, there are already existing solutions available to pump water with
different levels of human involvement. The more autonomous the engineering system
is, the more complex it is (and thus usually more expensive). So, the higher these
solutions rank according to the Trend of Decreasing Human Involvement, the less
frugal they are. The frugal approach aims to concentrate on what is the maximum

Fig. 3. Template for level of functionality analysis for the different resources

Fig. 4. Motorized systems used for water supply
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reduced functionality in order to meet the fundamental basic need. And based on
this thought to develop ideas.

In this example the following ideas have been generated by asking: “How
can <resource> help to pump water in the easiest way?”.

A possible list of concepts in this case are reported below:
Fog nets collect the water out of the atmosphere. There is no pumping needed, no

mechanics. It is simple, can be built by anybody on his own. But the capacity is limited
and depends on the air humidity (Fig. 5).

Water Wheel Pumps (Fig. 6) are simple constructed pumps for low heads
(*6 m). They consist of a tube that is wind up in a spiral towards the middle. This
spiral is mounted max. half sunk in the river. The flow of the river rotates the spiral und
by this the water is pumped. This again is a very simple construction that can be made
on-site as well.

Fig. 5. Fog nets

Fig. 6. Water wheel pumps
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Handpump with motor (Fig. 7) is a simple solution to move the transmission and
energy to the system. Instead of the person pumping the water, a motor does the job. If
it is not working, you can still pump manually. As motor an electric motor power by
PV can be used which then needs again to be imported. An alternative could be a wind
powered pump, constructed out of available waste materials.

4.5 Idea Generation: Trimming

Another way to find ideas for solution is to use the trimming tool of TRIZ. For an
existing system a function analysis is performed. Then trimming is used to simplify the
system down to its basic functionality, fitting very well the frugal philosophy.

In the shown example we have a photovoltaic system. The solar irradiation ener-
gizes the PV module with photons. They are converted into electric current and power
the inverter. The electronic inverter converts the electric power into AC current with
variable frequency. This is powering the motor that feeds back the EMK as a control
signal to the inverter. The motor rotates the pump and pressurizes the water in the well
into the pipe. The Function Model is shown in Fig. 8.

In a first round of trimming (Fig. 9) the inverter unit was put at disposal. The task to
solve was: how can the PV module power the motor directly? And the solution should
be as simple as possible. The following figure shows one solution idea. Replace the
inverter by a negative temperature coefficient (NTC-) resistor and a DC motor. This
would work under less efficiency, but as reduced cost of about 1.000€ and much
simpler.

Fig. 7. Handpump with motor
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In a further step additional trimming is done (Fig. 10): Trimming of PV module,
NTC-resistor and DC-motor. As a new component a low-temperature Stirling engine
(LTSE) could move the pump. An LTSE is a low-tech product that can be manufac-
tured in the local country.

Further trimming of solar irradiation usage and LTSE (Fig. 11) leads to the
question if the water can pump itself, getting closer to the formulated IFR? A solution
was show above with the water wheel pump, that can be built easily as well on site.

Solar RadiationPV Modul energiezes

Inverter electronics

electric powering

Motor

electric powering frequencyEMF feedback

sets operating voltage

Pump
rotates

brakes
Waterpressurizes

Well

holds

Pipe

guides

holdsholds

holds

Fig. 8. Function Model of a photovoltaic system to power a water pump
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current
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electric powering
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Fig. 9. Function Model after trimming the inverter unit
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4.6 Selection vs. Frugal Innovation Criteria

For the selection of the best technology under frugal conditions, we have defined
FOR THIS PROJECT the following criteria, normalized between 1 and 10 for com-
parability (Table 1):

• Performance (1 worse-10 good): How good and continuously the system is per-
forming, quantified by water flow

• Cost (10 worse-1 good): Cost of the system in the site of application
• Usability (1 worse-10 good): States to extent to which the solution can be imple-

ment locally, i.e. percentage of locally manufactured components

Solar RadiationPV Modul

heats

Inverter electronics
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Fig. 10. Function Model after trimming the PV module
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Fig. 11. Function Model after trimming solar irradiation
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In this list Performance maps Quality, Cost maps to Affordability and Usability
maps to Simplicity, Robustness, User friendliness, and Locality, mentioned before.

The transfer function is calculated as:

F ¼ Performance � weight þ Cost � weight þ Usability � weight:

This shows that under the given assumptions fog nets and handpumps powered by
wind make great sense.

4.7 Business Model Formulation

When the technology was selected the last step is to define a business model that will
work for the manufacturer and for the customer. This will be based very much on the
local conditions. Ideally the technology should be available/manufacturable locally.

5 Conclusions

The idea of frugal innovation addresses the needs of the bottom of the pyramid and
allows to opens new business opportunities in new markets. A TRIZ-assisted workflow
to generate frugal solutions, based on the understanding of the basic functionality
needed in the target country for the product, has been presented, where the frugal
thinking permeates the process at all stages. The TRIZ tools “IFR”, “Resource analysis”
and “Trimming” are valuable tools to generate ideas for a frugal product. The presented
structured approach showed that TRIZ is a very valuable tool to assist frugal innovation;
the next step will be to wholly deploy a TRIZ workflow for full optimization.
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Abstract. TRIZ is a well-known innovative problem solving method, mas-
sively implemented within big industrial groups to boost their efficiency in
innovation process. TRIZ is also a creativity technique providing a wide set of
methodological formalized concepts applied through numerous tools. Case
studies showed how start-ups can benefit from business innovation method-
ological good practices by enforcing the link between invention, innovation and
intellectual property. This paper aims at demonstrating the ability of the formal
TRIZ approach to contribute to the feasibility of the next step: helping entre-
preneurs and start-ups’ stakeholders in accelerating their «serial innova-
tion» capability while keeping the control of the Lean process. To achieve this
ambitious and crucial objective, the team will share its best practices of TRIZ
expertise aiming at fostering the Lean canvas in-depth analysis thanks to the
powerful TRIZ appropriate tools in order to dramatically reinforce and secure
the pioneer spirit.
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1 Introduction: Which Business Model for Start-Up
Creativity?

TRIZ is a well-known innovative problem solving method, massively implemented
within big industrial groups to boost their efficiency in innovation process, and also a
creativity technique providing a wide set of methodological formalized concepts
applied through numerous tools (Altshuller 1988).
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Case studies, in an industrial group and a start-up environment, have illustrated the
power of the formalism of problem solving by applying the “start-up spirit” for efficient
creativity (Sire et al. 2018).

We now want to ever more focus on the innovative start-up context, from both
inventive activity and project management points of view.

The first purpose of this paper is therefore, regarding inventive activity point of
view, to analyze how the young or recent entrepreneurs can take advantage of the
formalism and analogy of the TRIZ state of mind, which is rigorous and oriented
toward the search for progress, to foster their innovative activity (Sect. 2).

The second purpose of this paper is, regarding project management point of view,
to explore the well-known business models in industry like the Business Model canvas
and some derived approaches like Lean Start-up dedicated to a flexible early stage of
development, in order to include the Lean canvas in stakeholder strategies (incubators
and start-ups, innovative firms) (Sect. 3).

The third purpose of this paper is to illustrate in a start-up context how to easily fill
the Lean canvas thanks to TRIZ methods and tools (Sect. 4).

The conclusion summarizes the lessons learned, limitations and perspectives of the
paper.

2 How Can TRIZ Take Benefit of the Links Between
Invention and the Inventive Intellectual Corpus to Foster
Innovation?

2.1 Links Between Intellectual Property Rights and Invention

Our aim here is to show the contribution of information protected by intellectual
property rights to the capacity for invention, whether directly (informational support) or
indirectly (methodological support).

Direct Support of Invention Patents. Published patents help researchers to explore
new fields (knowledge of what exists and of what is protected, understanding of past
stages and humility in the face of the future, descriptions of prior art and traceability of
technical design choices); patents and publications complement each other.

Publications focus on explaining phenomena while patents are positioned further
on in the process, on results, applications and the means used for these applications
(Breesé and de Kermadec 2004). Invention patents have acted as the innovation
memory for two centuries (Breesé and de Kermadec 2004).

The patent also has as a counterpart to meet its obligation to disseminate the
scientific and technical content of the invention, allowing “skilled individuals” to be
able to reproduce it. The fact that the patent does not protect the idea (or the knowl-
edge), but its materialization allows to insure compatibility between private incentive to
invention (by increasing the personal yield from the invention) and technical progress
(by disseminating knowledge).
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A patent describes the prior art and explains how the proposed solution differs from
the existing one, thereby allowing an excellent level of traceability in the choice of
technical designs (Breesé and de Kermadec 2004).

Indirect Methodological Support for Invention Patents. Formalizing an innovation
“like a patent” (de Kermadec 2001), that is, by describing certain aspects with docu-
ments that follow the editorial rules of patents, can contribute to strengthening this
common vision of the work being created (What field is the invention in? What is the
problem to be solved? How is the problem currently solved?) in such a way that, by
appropriating the specific style of invention patents, the team behind the innovative
project:

• Clearly defines its objectives;
• Find out the state of the art;
• Can imagine a wide variety of solutions;
• Compare its solutions to others in a synthetic way;
• Strictly formalizes what it wants to do;
• Communicates more effectively;
• Is more aware that it is teamwork that allows “the best solution” (de Kermadec

2001) to be created.

Formalizing and creating are therefore indivisible (de Kermadec 2001); “patent
style” formalization is particularly suited to the inventive approach. Pierre Breesé and
Yann de Kermadec confirm that reinvention is highly expensive and a record of the
company’s creations should be kept.

Using an innovation-base (that is, a knowledge base dedicated to innovation
products and processes) allows ideas to be saved so that they can be used at the right
time, as well as avoiding reinvention, and identifying problems, solutions and the
people to contact. It contains innovation files, innovation memos, patents, files of
inventions that have not been retained, and so on (Breesé and de Kermadec 2004).

In this way, the link between industrial property and innovation is shown in the fact
that databases of invention patents are unrivaled and often exclusive sources of tech-
nological and scientific information, presented according to powerful formalism,
methodologically speaking.

2.2 Reciprocal Links Between Inventive Activity and the Inventive
Intellectual Corpus

Our ICAROS® method uses analysis of the inventive intellectual corpus to stimulate
inventive activity (Saulais and Ermine 2016a); the inventive intellectual corpus of an
organization contains basic elements that allows for the representation of a certain
number of inventive trajectories undertaken by the organization’s knowledge actors by
linking the inventive intellectual traces that have been left (patents, theses, reports of
advanced studies). A reasoned analysis of the traces thus restores the intellectual path
drawn by the trajectories of these traces, giving a strategic evolution of the inventive
intellectual corpus that has been inventoried over several years.
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The assessment obtained by this process of collecting and explaining inventive
knowledge that has led to a new design, is then put into perspective with the potential
knowledge in each field (representing an absolute reference) to form a cognitive
stimulus applied to experts representing each area of knowledge, who individually have
potential elements for the identification and the explanation of which they have to be
guided in order to help them develop a forward-looking vision of their field (Saulais
and Ermine 2016a).

The reciprocity is expressed through the analysis, extraction and implementation of
the inventive knowledge, with this new inventive knowledge going on to enrich the
inventive intellectual corpus (Saulais 2016b), (Saulais 2016c), as illustrated by Fig. 1,
which focuses on the dossier on inventive activity called Invention & Innovation File.

Figure 2 illustrates the applications of analysis of overall inventive activity (con-
tained within the inventive intellectual corpus) to support decision-making in different
fields.

2.3 Synthesis

We defined invention, innovation and intellectual property rights as objects of
knowledge.

We thus presented each of the three objects of knowledge, primarily the act of
innovating and its outcome, followed by the ability to invent, and lastly the inventive
intellectual corpus and intangible capital. By considering each object of knowledge to
represent its own field of knowledge, we have examined the links between the three
fields both in a static sense and in a dynamic sense of one thriving on the other, in a
pure start-up spirit.

Fig. 1. Analysis of inventive activity – Source: author
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Having highlighted the benefits of applying a structured and reasoned method to
technical fields of innovation, we now want to explore its application to other fields of
innovation, mainly in the management domain. This is the ambition of Sects. 3 and 4.

3 From Business Model to Lean Canvas

How can an organization innovate? “To achieve organizational innovation, every facet
of a business needs to move together in the same direction. That can be difficult without
a clear visual of what your business model is and how your activities should be aligned.
You need to identify what your company wants -and is prepared- to do before inno-
vation can turn from a buzzword into an action” (Hemmer 2016).

3.1 Business Model Canvas

The Business Model Canvas is a methodology on the rise that helps companies visualize
and position their business models for growth and innovation. Strategyzer defines it as
“a strategic management and entrepreneurial tool. It allows you to describe, design,
challenge, invent, and pivot your business model.” (Strategyzer 2019).

It breaks your business model down into easily-understood segments: Key Partners,
Key Activities, Key Resources, Value Propositions, Customer Relationships, Channels,
Customer Segments, Cost Structure, and Revenue Streams.

“It also reveals clear paths on which to build your organizational innovation strat-
egy. It helps you communicate your goals to your team. It helps communicate to clients

Fig. 2. Applications for showing analysis of inventive activity in knowledge maps – Source:
author
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why they should do business with you. It helps pull into focus what your business does
and how it will continue to do it -successfully- into the future.” (Hemmer 2016).

The Business Model Canvas has been a great invention for everyone from startups
to large companies. Unlike an org chart, which describes how a company manages the
delivery of known products to known customers, it illustrates the search for the
unknowns. The 9 boxes of the canvas let you visualize all the components needed to
turn customer needs/problems into a profitable company.

3.2 Lean Start-Up

The Lean Startup provides a scientific approach to creating and managing startups and
get a desired product to customers’ hands faster. “The Lean Startup method teaches you
how to drive a startup-how to steer, when to turn, and when to persevere-and grow a
business with maximum acceleration. It is a principled approach to new product
development” (Ries 2012).

Wikipedia defines Lean startup as “a methodology for developing businesses and
products, which aims to shorten product development cycles and rapidly discover if a
proposed business model is viable; this is achieved by adopting a combination of
business-hypothesis-driven experimentation, iterative product releases, and validated
learning”.

Central to the lean startup methodology is the assumption that when startup
companies invest their time into iteratively building products or services to meet the
needs of early customers, the company can reduce market risks and sidestep the need
for large amounts of initial project funding and expensive product launches and failures
(Wikipedia 2019).

The Lean Startup is the way most innovators build startups and innovate inside of
existing companies. As a formal method, the Lean Startup consists of three parts:

• The Business Model Canvas – to frame hypotheses
• Customer Development – to test those hypotheses in front of customers
• Agile Engineering – to build Minimum Viable Products to maximize learning.

3.3 Lean Canvas

The Business Model Canvas was proposed by Alexander Osterwalder based on his
earlier book: Business Model Ontology. It outlines several prescriptions which form the
building blocks for the activities. It enables both new and existing businesses to focus
on operational as well as strategic management and marketing plans.

The Lean Canvas, on the other hand, has been proposed by Ash Maurya as a
development of the Business Model Generation. It outlines a more problem-focused
approach and it majorly targets entrepreneurs and startup businesses (Canvanizer 2019).

Ash Maurya’s main objective with Lean Canvas was making it as actionable as
possible while staying entrepreneur-focused. The metaphor he had in mind was that of
a grounds-up tactical plan or blueprint that guided the entrepreneur as they navigated
their way from ideation to building a successful startup.
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He had already been working with Lean Startup principles which had a big
influence on the design. His approach to making the canvas actionable was capturing
what was most uncertain, or more accurately, what was most risky (Maurya 2015).

Unlike Business Model Canvas, the Lean Canvas focuses on: Problem under-
standing (avoiding working on the wrong problem), Solution (purposefully within a
small box to avoid spending time and resources), Key metrics (just a very few that
matter), and Unfair Advantage (another name for competitive advantage or barriers to
entry) (Fig. 3).

“Going through the nine steps on Lean Canvas helped me to understand what
information really matters in creating a start-up. I feel that identifying the problem and
the solution are the most important steps in the Lean Canvas process. They are the sole
purpose of your product and you must ensure that a problem does exist in order for
your product to be successful.” (Nancyaviles 2012).

The Lean Canvas is a one-page strategic tool, in the Lean Startup spirit, that defines
a startup or product and helps document and validate an inventive business plan
(Table 1).

How to help entrepreneurs and start-ups’stakeholders in accelerating their «serial
innovation» capability while keeping the control of the Lean process?

If identifying the problem and the solution are the most important steps, what about
the ability of the formal TRIZ approach to contribute to the feasibility of this ambitious
and crucial objective?

Fig. 3. Lean Canvas (Keylime example) – source Steve Mullen
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4 TRIZ Helps Filling the Lean Canvas

According to authors (Maia et al. 2012), “Lean and TRIZ share a main idea: design and
delivery products to the clients that they really want. In order to achieve this, both use
principles and tools having in mind reducing the waste or minimizing the usage of new
resources and both uses a procedure of continuous improvement”.

4.1 TRIZ and Systematic Business Model Innovation

As early as 2010, Valeri Souchkov presented at the TRIZ Future Conference in
Bergamo an approach to Business Model Innovation based on a combination of key
TRIZ principles and tools and a new approach to business modeling which introduces
building blocks to describe and represent business models.

Developing a competitive business model is essential for any business organization
since the model defines the company strategy and future on the market. However in the
modern times of accelerated innovation business models might not remain static: ever
changing business environment requires continuous innovation of both technology and
the ways of doing business. The traditional way of innovation which relies on random
methods of idea generation does not seem fitting the picture any longer. Instead, new
systematic and structured methods supporting continuous process of new business
ideas generation are emerging.

Application of key TRIZ tools and concepts such as Ideality, Contradictions,
Resources and Trends of Business Systems Evolution within the context of business
models was discussed. Such a combination helps to:

• represent business models in terms of building blocks and describe business models
clearly and in a structured way without overloading it with numerous details;

• systematically assess and analyse business models with TRIZ analytical tools;
locate and define problems, contradictions and areas with high evolution potential;

• apply the TRIZ tools for business and management problem solving and ideas
generation to innovatively modify existing business models or to design new,
innovative business models for a specific market or industry (Souchkov 2010).

As an example was shown a contradiction mapping revealed with RCA+ to rele-
vant building blocks of a business model.

Table 1. Lean Canvas details and suggested order – source: Ash Maurya

Product Market

2-Problem
Top 3 problems

4-Solution
Top 3 features

3-Unique Value Prop 9-Unfair
Advantage

1-Customer
Segments

2b-Existing
Alternatives

8-Key Metrics
Key activities

3b-High level
Concept

5-Channels to
Customers

1b-Early
Adopters

7-Cost structure (fixed,
variable)

6-Revenue streams
(sources)
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4.2 TRIZ Method Aligns with Organizational Practices for Innovation

At TFC 2012, Helena Navas studied the TRIZ-Lean Environment: “The Lean approach
is to find the best compromise between contradictions, whereas the TRIZ approach is to
eliminate contradictions avoiding the compromise or trade off. TRIZ can be seen as a
Lean tool. There are many Lean techniques and concepts where TRIZ might be
applied.” (Navas 2015).

As an example, in “8 Discipline” (8D), one of the Lean problem solving tools,
TRIZ may help in the 8D problem solving process: in D2 step (Describing the Prob-
lem) to identify contradictions and to define and to valuate problems, in D5 step
(Choosing Corrective Actions) with many and varied generic solutions available with
several TRIZ tools, etc. The TRIZ tools would help to 8D become more systematic,
effective and successful method of problem solving. Also, TRIZ might help with waste
reduction, the TRIZ concept of ideal system presents similarities with the Lean search
for systems without cost or harm (without waste), etc.

According to Paul Hobcraft, the use of the Lean management as above have shown
“a consistent change over the years to move towards a more inventive engineering and
discovery mindset within our innovation approaches.” (Hobcraft 2017). It started in
manufacturing, continued in logistics and supply chain and evolved in labs and
thinking to keep advancing processes, thinking and growth inside our organizations.
Far more outside is now looked to connect into the customer’s specific needs.

“The Lean Startup movement has been a significant part of the fusing of internal
learning becoming more agile and understanding of what customers really want. It
takes agility as central to this evolving through learning and constant discovery.”, he
says (Hobcraft 2017). Minimum viable propositions are now built into problem-solving
thinking, extending prototyping into discovery process, and learning to pivot on the go.

Designing the Business Model through the Canvas has appealed to those that
believe they are visionaries, game changers, and challengers striving to defy outmoded
business models and design tomorrow’s enterprises. This has spawned a variety of
visual tools, different canvases as strategic and operational ideas and tools, and makes
them easy to implement in any organization.

“TRIZ is a problem solving method based on logic and data, not intuition, which
accelerates the project team’s ability to solve these problems creatively. TRIZ also
provides repeatability, predictability, and reliability due to its structure and algorithmic
approach. New TRIZ tools are being developed, with active groups working on this.
These are more advanced tools applied to help in: functional oriented search (FOS),
main parameters of value (MPV) analysis, Voice of the Product (VOP), etc.” (Hobcraft
2017).

4.3 Lean Canvas with TRIZ Tools

At TFC 2014, Teemu Toivonen proposed forming a hybrid “continuous innovation”
model by combining Toyota Kata with TRIZ techniques. He said: “It is only one
possible solution and there is a lot of room for different approached due to the large
amount and flexibility of TRIZ techniques available”.
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A guiding principle for the author has been to try to evaluate not only how well an
individual technique works, but how well it fits together with the other techniques. The
idea has not been to map all possible TRIZ techniques to Toyota Kata, but rather to
give examples of how that mapping can be done (Toivonen 2014).

With such a spirit, the authors would like to share an easy to use, quick and efficient
way to fill the Lean Canvas boxes using some of the well-known Classical TRIZ tools.
This was done several times, within incubators for a few start-ups at early stage, and
within a worldwide-class SMB wanting to take advantage of the “start-up spirit”
(Table 2).

Among the many possibilities of cross-linkage, the Fig. 4 proposes one case,
without content in the Lean Canvas boxes due to IP reasons (Prevost et al. 2014).

For example, to be discussed during the TFC presentation, some suggestions:

– first step in to get a textual explanation of the customer issues using the TRIZ
contradiction schema to summarize the owner’s vision of the problem to solve;

– filling the box 2 “Customer segments” using the TRIZ Time & Operational zones;
– filling the box 3 “Unique Value Proposition” thanks to the TRIZ ideality;
– filling the box 4 “Solution” is quite easy with TRIZ as problem-solver;
– etc.

Last but not least, Fig. 5 show resonance from startups (Prevost et al. 2014). For
example: the start-ups’ owners discovered the power of the Evolution Laws to imagine
the next innovation after their first one, they were confortable with the Time zone and
Operational zone to focus on when and where do the customer pains occur, the multi-
screen was appreciated to understand the different layers of systems and times around
their innovative product or service, also ideality and S-Curve, etc.

Table 2. Lean Canvas boxes and an example of TRIZ toolkit – source: authors

Lean Canvas boxes Example of TRIZ toolkit

1. Problem
2. Customer Segments
3. Unique Value Proposition
4. Solution
5. Channels
6. Revenue Streams
7. Cost Structure
8. Key Metrics
9. Unfair Advantage

– Thinking in Time and Space
– Trends of Technical Evolution
– Contradictions
– Resources
– Ideality
– Functional Analysis
– 40 Inventive Principles
– 76 Standard Solutions
– Size-Time-Cost, etc.
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5 Conclusion

In this paper aims, we demonstrated the ability of the formal TRIZ approach to con-
tribute to the feasibility of the next step: helping entrepreneurs and start-
ups’stakeholders in accelerating their «serial innovation» capability while keeping
the control of the Lean process.

Fig. 4. Lean Canvas boxes filling with TRIZ tools – source: authors

Fig. 5. LeanCanvas and TRIZ feedback from startups – source: authors
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To achieve this ambitious and crucial objective, the authors shared their best
practices of TRIZ expertise aiming at fostering the Lean canvas in-depth analysis
thanks to the powerful TRIZ appropriate tools in order to dramatically reinforce and
secure the pioneer spirit.

Next step would be to carry over other real-life case studies. Does the TRIZ
community have such examples or experiences to share and learn from?
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Abstract. The industry has quickly realized the importance of bringing cre-
ativity into product design. The industrial context requires robust and efficient
methods and tools to access untapped sources of ideas.
Furthermore, Additive Manufacturing (AM) offers a large potential of cre-

ativity for product design. This potential is particularly significant at the level of
Intermediate Objects. Previous works have demonstrated the interest of AM
Intermediate Objects (Rias, 2017) in creativity phases. This new manufacturing
process is revolutionizing the value chain associated with product design, from
the ideation to the industrialization.
The purpose of this paper is to describe the bases for proposing a method-

ology of technical creativity based on TRIZ and Additive Manufacturing.

Keywords: TRIZ � Creativity � Design for Additive Manufacturing (DFAM) �
Intermediate objects

1 Introduction

In recent years, Additive Manufacturing (AM) has become a major technology in
modern manufacturing. It includes all manufacturing processes from an object designed
in digital format (CAD) to a physical object; this manufacturing is done layer by layer
by adding material. The gradual shift from prototyping to manufacturing of functional
parts manufacturing is revolutionizing product design in all areas of industry, partic-
ularly in the automotive, aeronautics, aerospace and medical industries.

This technology is totally different from traditional manufacturing processes.
Today, however, design teams rely on traditional processes to idealize, design and
manufacture a product. A designer has cognitive barriers that will prevent him from
innovating with AM processes. The challenge is therefore: how to structure a
methodology that will make it possible to overcome these cognitive barriers? The issue
is also: which design tools has to be integrated in the methodology?
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Thus, in this article, we will present the structure of a methodology of innovation
and creativity by additive manufacturing, using the tool and the way of thinking of
TRIZ.

The first part will focus on the literature on additive manufacturing, on Design for
Additive Manufacturing (DfAM) and on TRIZ. In the second part, the methodological
approach will be presented according to the findings of the work presented in the first
part. Then in a last part, we will develop a tool based on the 40 principles of TRIZ and
on the capabilities of additive manufacturing.

2 State of the Art

2.1 Design and Manufacturing

This part will help to define additive manufacturing and understand the difference and
links between additive manufacturing and other manufacturing processes.

Design
Manufacturing is a technique of transforming or modifying raw materials or basic
products into a finished product. This technique is therefore the tool that makes it
possible to satisfy product design; that is, to complete and validate the design process.
Indeed, design is the process from the identification of the problem to the manufac-
turing of the product, going through generation of concepts, analysis and evaluation
(technical, economic, ergonomic, aesthetic, etc.) [1, 2].

In the literature, there are several design characterizations. Some studies distinguish
four types of design from creative design to routine design, with innovative design and
redesign in between [1, 3, 4]. The differentiation between creative and innovative
design is characterized by the distinction between designs coming from innovative
concepts and designs coming from concepts based on knowledge without existing
conceptual development. Some authors group these two types into innovative design,
but distinguish within this notion, breakthrough innovation and continuity innovation
[5]. The definition of redesign is rather vague because it is only a question of making an
improvement to the product; therefore, it is not possible to say with this definition if the
improvement is an innovative function or not.

In our study, we will work with two types of designs and not with a scale of four
designs. These two types of design are [6]:

• Innovative design. It is the set of designs that provides a solution to a problem that
has never been solved. It can be a redesign with a new function, as well as a
fundamentally new product.

• Routine design. It is the set of designs that is based on solutions already known.
Often a routine design is an improvement in response to a competitor’s innovative
design.

This bipolar distinction will allow us not to differentiate between innovative design
and creative design. We will talk about innovative design based on the result of the
finished product, and we will talk about a creative approach for the process from
problem to solution.
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Manufacturing
In the context of a physical product design, manufacturing is a tool for developing the
product. There are several types of manufacturing processes (Fig. 1).

Additive manufacturing is a layer-by-layer manufacturing process by adding
material; it is a generative manufacturing process. This technology is often referred to
with other terms, considered reductive such as 3D printing or layered manufacturing.

Additive manufacturing disrupts traditional manufacturing techniques such as:

• Formative manufacturing: the material is brought into a liquid or viscous state, then
the shaping is carried out by flowing this material into a mold (ex: foundry).

• Subtractive manufacturing: The product is made from a raw part on which the
material will be removed in order to obtain the desired final shape(ex: machining).

Fig. 1. The three types of manufacturing [6]
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2.2 Design for Additive Manufacturing (DfAM)

In order to operate and leverage additive manufacturing for product innovation, it has
become imperative to structure and develop design tools and methods through additive
manufacturing for design teams. In order to stimulate creativity through additive
manufacturing, the designer needs a tool-based methodology to take into account the
specificities of these new manufacturing processes in order to overcome the cognitive
barriers printed in the customs and practices of design teams. To this end, several
studies are focusing on Design for Additive Manufacturing so as to develop method-
ological supports that meet the needs of promoting the potential of additive
manufacturing.

DfAM is “the set of methodology and tools that help the designer to take into
account the specificities of additive manufacturing (technological, geometrical, pre/post
processing …) during the design stage” [7]. Despite this definition, which highlights
the design phases, many studies are working more particularly on product redesign, i.e.
on designing with additive manufacturing an existing product usually build in tradi-
tional manufacturing.

Depending on the different approaches of Design for Additive Manufacturing,
some authors will propose tools for analysing design problems, while others will rather
propose tools for generating ideas.

Works on tools for analysing design problems are based on parametric optimization
[8] or axiomatic design [9]. Studies oriented towards tools for generating ideas will
instead use databases of additive manufacturing functionalities [10] or associations
with intermediate objects during creativity sessions [11].

But current Design for Additive Manufacturing methods have certain limits
because they do not take advantage of the potential of additive manufacturing, on
creativity and innovation as early as possible in the design and innovation process of a
product, at the ideation level. In order to really overcome cognitive barriers, the need to
bring a methodology is found at the earliest stage in the design phase, during the phase
of creativity and of intermediate object design [11].

2.3 Design with Additive Manufacturing (DWAM)

Laverne et al. propose a methodology adapted from Design with X (DWX): Design
With Additive Manufacturing [12]. DWX objective is “to inspire designers and sup-
ports them in creating product because DWX focuses on innovations so the product
design solutions have always an innovative character” [13]. The purpose of this
methodology is therefore to provide designers with knowledge during the design
phases and particularly in the upstream phases.

Unlike DfAM, which focuses on additive manufacturing technology, DWAM will
expand the solution space by providing designers with new knowledge on additive
manufacturing elements and characteristics. The DWAM allows the characteristics of
intermediate representations to be linked with characteristics of products designed in
additive manufacturing.
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The advantage of DWAM is that it can be used in the upstream phases. However,
this methodology is not intended to guide designers entirely towards one or more
design solutions.

The approach of an innovative design consists in starting: from a problem, ana-
lysing this problem to arrive at solutions, then deepening the solutions to arrive at a
feasible technical solution. To ensure that a methodology is in the early design phase, it
is necessary to define how to introduce tools to benefit from the potential of additive
manufacturing during the study of the problem, and not only during the study of the
solution. This work on technical problems sends us to the theory of inventive problem
solving (TRIZ).

2.4 Inter-methodological Gateway Between TRIZ and DfAM

The TRIZ invention approach consists in modelling the problem to achieve a solution
through a solution model [14]. The tools used in TRIZ make it possible to go beyond
cognitive limits by directing designers towards research areas to be developed. It is
unlike other creative tools, which rather encourage them to deepen their own research
areas. The 40 innovation principles guide designers towards innovation axes according
to design problems.

Several studies have proposed inter-methodological bridges between TRIZ and
other design methods. The work of Durand et al. presents several applications of
methodologies that mix TRIZ with other design methods, such as Functional Analysis,
FMECA or Quality Function Deployment [15].

In this perspective, it is interesting to look at the literature mixing TRIZ and DfAM.
Gross et al. will propose a new TRIZ matrix, specific to additive manufacturing by
defining the characteristics of additive manufacturing as the criteria for innovation [16].
This study uses the way of working defined by the TRIZ matrix but does not include
any historical notion of the TRIZ theory.

Kretzschmar et al. sought an example for the 40 TRIZ principles in additive
manufacturing, focusing both on the characteristics of a product made of additive
manufacturing, and those of additive manufacturing processes (material extrusion, vat
polymerization, powder bed fusion, material jetting, binder jetting) [17]. The articles
from Kamps et al. focus on the intersection of TRIZ, biomimicry and DfAM. In these
articles, the authors explain that the designers start with the function of the product and
a product with a basic design, then the product is improved through a biomimicry
database. The integration of a biomimetic design into the design is carried out through a
TRIZ invention process [18].

The work mixing TRIZ and DfAM does not meet the need defined above: to have a
methodology at the earliest in the design and innovation phase of a product, at the
ideation level. This need will therefore be the challenge of our model.
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3 Methodological Approach

3.1 Schematization

A TRIZ application associated with additive manufacturing capabilities can be used as
a tool for generating ideas that can then generate innovative solutions to initial design
problems. This methodology will force designers to expand their creativity with the
technical potential of additive manufacturing. The purpose of using the TRIZ method is
to expand this creative potential that designers can exploit.

Figure 2 below shows the schematization of our methodology. We can find all the
elements presented in the above parts. The design includes all manufacturing processes,
there is a distinction between traditional manufacturing (formative and subtractive) and
additive manufacturing.

Within the “design” set, we observe a “creativity” set that corresponds to the
innovative design, the rest being the routine design.

In the overall “creativity”, one part represents the creative potential of traditional
manufacturing and the other part represents the creative potential of additive manu-
facturing. Today, due to cognitive barriers, only a small part of this potential is
exploited by designers. That is, a large part of it is not exploited.

The purpose of the TRIZ tool is therefore to guide designers towards solutions
available in this untapped part.

Fig. 2. Schematization of the methodology
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3.2 Structuring the Link Between TRIZ and DfAM

In order to guide designers towards additive manufacturing, a link must be created
between TRIZ and DfAM.

To create this link, we first focused on the capabilities of additive manufacturing.
This technology has unique characteristics (inclusion, cavity, lattice structure…). In
2010, Gibson et al. presented these unique characteristics through four complexities
[19]:

• Shape complexity: With additive manufacturing, it is possible to manufacture any
shape within the constraints of the printing machine.

• Hierarchical complexity: Additive manufacturing makes it possible to design a
product by varying the microscopic structure according to the technical needs of
each part of the product.

• Functional complexity: It is possible to manufacture functional devices in a single
construction, not just simple parts.

• Material complexity: Additive manufacturing makes it possible to build multi-
material parts.

Gibson’s four complexities are used as the basis for all DfAM approaches. We have
therefore chosen to start from these complexities and compare them with one of TRIZ’s
tools, the 40 principles of innovation. For each of the principles, a team of eight people
defined whether an additive manufacturing application did correspond. This team was
composed of complementary profiles: a designer, two ergonomists and five engineers
(a TRIZ specialist, two creativity specialists and two AM specialists). The result
showed us that the complexity scale was too high to do this study. For functional
complexity in particular, the latter includes several capabilities, which it would be more
interesting to distinguish from each other.

To achieve a result, we looked at the capabilities of additive manufacturing; that is,
the level below the level of complexity.

Based on the literature, we have defined 13 capabilities of additive manufacturing
and classified them in relation to Gibson’s complexities (see Table 1).

The work of comparing the TRIZ principles with the above capabilities provided
more interesting results than with the complexities because the capabilities corre-
sponded to fewer principles each. This work resulted in Table 2.

Two levels of links have been created, the “full” level (represented in red and with
“X”) and the “partial” level (represented in orange and with “x”).

The “full” level was chosen when the capability fully corresponds to the TRIZ
principle; i.e. all designs with this characteristic comply with the principle of inno-
vation. When only a part of the designs with a given capability meets a principle, the
level is defined as “partial”. If no design with a given capabilities corresponds to the
principle of innovation, then the box is not checked.

Finally, we note that 10 principles do not correspond to any of the capabilities.
Conversely, some principles correspond to several capabilities. For example, the
principle of local quality corresponds perfectly to 7 capabilities and partially 4 others.
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3.3 Methodology Integration

We have seen the structure of the methodology through its schematization and the link
between TRIZ and DfAM through the correspondence table between the 40 principles
of innovation and the 13 capabilities of additive manufacturing.

The challenge now is to integrate this work into creative sessions to observe the
results and see if designers will exploit the potential of additive manufacturing and if
this method will overcome cognitive barriers.

The use of the TRIZ matrix, during modelling a problem, allows us to guide the
designer towards one or more innovation principles. Once the principle(s) have been
defined, the TRIZ/DfAM correspondence table will guide the designer towards char-
acteristics specific to additive manufacturing.

Table 1. Complexity and capabilities of additive manufacturing

Additive
manufacturing
complexities

Additive
manufacturing
capabilities

Definitions

Shape complexity Free form shapes Possibility to build almost any shape
Objects from 3D
scans

Possibility to manufacture parts
corresponding to scanned objects

Hierarchical
complexity

Microstructure
variation

The density of the parts can vary according to
the porosity choices

Texture Possibility to create variant surfaces
Functional
complexity

Monoblock AM reduces the number of parts of a product
Topology
optimization

With finite element analysis, it is possible to
integrate it into the AM

Non-assembled
mechanisms

Possibility of making kinematic joints

Segmentation Possibility to manufacture the parts
separately to create a kit

Embedded
components

Possibility to trap an element in the part
during manufacturing

Internal channels Possibility to design an internal network
during manufacturing

Infilling The shapes of the inside of the structure can
be adjusted according to the need

Auxetics structure Possibility to vary the Poison module of a
room thanks to the structure

Material complexity Material choices Wide choice of AM materials
Multi-materials Possibility to design multi-material parts

A Proposal for a Methodology of Technical Creativity Mixing TRIZ 113



Table 2. Table of correspondences between the 40 principles of TRIZ and the capabilities of
additive manufacturing

The 40 TRIZ Principles

Freeform
 shapes

O
bjects from

 3D scans

M
icrostructure variation

Texture

M
onoblock

Topology optim
ization

N
on-assem

bled m
echanism

s

Segm
entation

Em
bedded com

ponents

Internal channels

Infilling

Auxetic structure

M
aterial choices

M
ulti-m

aterials

Segmentation x x x X x x x
Extraction x x x

Local quality x x X X x X X x X X X
Asymmetry x x x x

Combination X x x x x
Universality X x X x x

Nesting x X x x
Counterweight x x x x

Prior counteraction

Prior action x x x x
Cushion in advance x

Equipotentiality

Inversion x
Spheroidality x x x
Dynamicity X x X

Partial, overdone or excessive action X x x x
Moving to a new dimension x

Mechanical vibration

Periodic action

Continuity of useful action

Rushing through

Convert harm into benefit x
Feedback

Mediator x x x x
Self-service x

Copying X X x x
Inexpensive short life x x x x x X

Replacement of a mechanical system

Use pneumatic or hydraulic systems x x
Flexible film or thin membranes x X x x x x

Use of porous materials X x
Changing the colour x x x

Homogeneity x x
Rejecting and regenerating parts x x x x x

Transforming physical or chemical states X X x x X
Phase transition x x

Thermal expansion x x X
Use strong oxidisers

Inert environment

Composite materials x x X

X
x Only a part of the designs with a given AM capability meets a TRIZ principle

Shape
 Complexity

Hierarchical 
Complexity

Functional
Complexity

Material
Complexity

Keys:   The AM capability fully corresponds to the TRIZ principle
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4 Future Work

The aim of this article was to propose a structure of creativity methodology combining
TRIZ and additive manufacturing. Through the literature, we have observed that there
is a real need for a methodology, and that it should stimulate the creativity of designers
as early as possible in the design process. The use of a methodology at the beginning of
the design process best allows designers to overcome cognitive barriers and thus allow
them to innovate with the under-exploited additive manufacturing potential.

The creation of a correspondence between TRIZ’s innovation principles and the
capabilities of additive manufacturing makes it possible to guide the designer towards
solution models specific to additive manufacturing.

To go even further upstream in the design process, it would be interesting to start
from the notion of physical contradiction. The physical contradiction makes it possible
to move more quickly from the problem to the principles of innovation and therefore to
the additive manufacturing capabilities.

In addition, the use of terms for additive manufacturing capabilities may limit the
creativity of designers. It would therefore be interesting to design intermediate objects
beyond the terms that correspond to these capabilities [11]. This would increase the
level of creativity.

Acknowledgements. This research was carried out as part of project CREAM (CREativity in
Additive Manufacturing), funded by the National Research Agency (project ANR-18-CE10-
0010) in France.
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Abstract. The functional framework of FAST, which C. Bytheway originally
published in 1971, has been widely employed in several variants in Value
Engineering, but is not common in TRIZ. However, the original, logically
consistent and unabbreviated form Bytheway originally proposed can be an
instructive way to model a landscape of functions that can be used in TRIZ for a
variety of purposes. Among these are landscaping the functions of the system
and its super systems, including neighbouring systems and subsystems, thus
depicting a system in new coordinates. In contrast to Function Analysis, possible
ways of functional integration and evolution of a system can be modelled and
explained; moreover, the technique constitutes a creativity tool and a strategic
tool indicating disruptive innovations.

Keywords: Functions � FAST � Map of functions

1 Introduction

The notion of function was coined by L. Miles in 1947 [1, p. xxi], so G. Altshuller does
not seem to have known it before about 1980 [2]. Altshuller instead used the term of
field to express the influence of one object onto another, even though the concepts of
field and function are not equivalent [2]. Moreover, he used the term of ideality to
describe the main function of an engineering system (ES) and to relate a function to the
cost and effort required for its realization. Highest ideality thus means pure fulfilment
of the main function at no cost [3, ch. 2, p. 83].

In TRIZ, Gerasimov et al. first employed the term of function in 19901 in the
context of Functional Value Analysis [2, 5] with the definition “function is the man-
ifestation of the properties of a material object, consisting in its action (influence or
interaction) on the change in the state of other material objects”. In 1992, Gerasimov
and others introduced function analysis, which models the interactions between the
components of an engineering system and its environment – the super system – [6].
The functional model thus enlarges the substance-field model from the conflicting pair
to the complete system and connects the notions of field and function. In 1996,
Terninko and Zusman used the term in a generalized meaning of events or states of a
system in their tool “Problem Formulation” [7, 8].

1 Souchkov [4] mentions the year 1988 but we could not identify the source.
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As will be shown, there are different concepts of functions and of their relations
with different models addressing different objectives. This often causes difficulties in
adequately formulating functions.

At the task of product planning and development, it is necessary to analyse the
functionality of products in order to define new products, to seek new applications, and
to match market needs with the uses that products offer. A further objective in TRIZ
itself is to understand the mechanisms of the so-called laws or trends of system evo-
lution. The functional models in use do not support this objective.

C. Bytheway developed his “Function Analysis System Technique, FAST” in 1963
[9, sec. A2.3.2], which he originally intended as a support for the value analyst in
correctly composing the hierarchy of functions in a functional tree [10]. To achieve
this, he introduced a logical scheme of “how? vs. why?” into the functional tree,
corresponding to the direction of hierarchical level. In doing so, he additionally
attributed a new meaning to the tree structure. In addition, the two questions can trigger
creativity to find alternative ways of performing a function or finding new uses to it.
The questions of how and why do not have to end at the system boundaries, though. If
the logic is extended consistently, a functional structure is achieved that functionally
connects a product with its environment and indicates chances for further evolution.
This produces a functional map of needs and their fulfilment – extending from basic
human activities and natural resources until basic human needs – in which the borders
of the product are outlined.

A part of this work was presented earlier on TRIZfest conference 2018 [11] and has
been complemented since.

2 Function Modelling

Gerasimov’s definition has largely purported the definition in standard VDI 4521-1
[12] as “influence from a system or a system component upon one or more others which
changes, eliminates, or maintains a parameter of the other component or system”.
The TRIZ Function Model is a directed graph that models the components as nodes and
their functions – i.e. relations between the components – as edges [13]. Standard EN
1325 for value engineering (VE) also defines a function as an “action of a product or of
a component of its” [14], even though value analysts in practice attach more importance
to formulations that inspire phantasy than describe measurable effects [15].

Other function models are [16]:

• the flow-oriented model, i.e. a block diagram with flows of energy, substance, and
information as system quantities

• the relation-oriented model, which describes interrelations between functions as the
problem formulation does,

• and the functional tree as a hierarchical system of functions.

Reports on function models have been compiled by Ponn [17], Stetter [18], and
others.

The different models picture different relations, with only the two TRIZ models
considering the interrelation of a system with its super system.
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3 The FAST Model

Bytheway‘s method proved its value to determine the basic (main) function of the ES.
It was quickly modified by others: Ruggles introduced “the notions of superordinate
functions, essential functions, secondary functions, permanent functions, simultaneous
functions, design objectives, and problem domains” [1, pp 11]. Snodgrass determined a
fixed format, “refers to superordinate functions as “tasks” and below them places
essential functions and four supplementary functions. He designates these four sup-
plementary functions as assuring convenience, reliability, satisfaction, and appeal, and
writes that their purpose is to secure customer “acceptance” of the product.

The Ruggles and Snodgrass versions of FAST, with their patterned, formulaic
diagrams, represent interpretations not seen in Bytheway’s FAST. We can fairly say
that FAST has changed course as its significance and emphasis have shifted from the
application process to the diagrammed result”.We are reporting these modifications in
order to justify a use of FAST differing from its standard application in VE. The current
formats used in VE are reproduced in Fig. 1 for standard EN 12973 (preliminary
version) and in Fig. 2 for German standard VDI 2803.

Fig. 1. FAST Diagram acc. to prEN 12973:2017. Note constraints and rarely occurring
functions inserted on top and without connections. “Functions that happen at the same time as
other functions” are also called “simultaneous functions”.
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4 Modifying FAST for TRIZ

4.1 Basic Concept

The modification we suggest for use in TRIZ is just based on Bytheway’s original
logics of “why” and “how”. To make it compatible with TRIZ conventions, we for-
mulate functions according to the definition given above. The basic model is shown in
Fig. 3: The ES performs the functions enclosed in the system boundary (replacing the
Scope Lines in VE). With the “how” direction extending to the right (the coordinate
system may actually be oriented arbitrarily), the first function right to the left boundary
is the system’s main function (or basic function in VE). Ikovenko gives a training
example of a projectile hitting a soldier’s helmet and asks for the function of the helmet
[19]. This may be to “deflect bullet”. Asking “how is ‘deflect bullet’ performed?” one
may find several subfunctions (“secondary functions” in VE) to be required. It may be,
however, that a helpful answer is “accelerate bullet [sideways]2”. In this case, sub-
function 1 would be a mere reformulation of the function (“deflect bullet” = “accelerate
bullet”). In the second step, asking “how is ‘accelerate bullet [sideways]’ performed?”,
a few subfunctions may be identified, one of them being “transfer IMPULSE

3 [to bullet]”.
Transferring impulse means simultaneously transferring a counter-impulse, in this case
to the head, which constitutes a harmful simultaneous function.

Often, functions require secondary functions that are performed not by the system
itself but by super system components; these are marked as “accepted functions”.
Typical accepted functions are “control system”, “provide electric energy4” or “posi-
tion helmet” as in the example.

On the other hand, one will ask “why is ‘deflect bullet’ performed?”. The answer is
the purpose of the ES: the main function is performed in order to fulfil its super
function, which should be formulated in a user-related way [14], i.e. “protect head”.
One may continue to ask “why should ‘protect head’ be performed?”. This will lead to
a secondary super function “keep body alive”. At this point, a basic boundary is
reached: A human being is not an engineering system and thus has no purpose to meet,
so no reason is required for staying alive and the functional tree has reached its root
point.

Please note in the diagram of Fig. 3 that in contrast to VE, a situation mentioning
solely one single subfunction corresponds to a mere reformulation. Sometimes, how-
ever, more subfunctions may exist but are not considered relevant and therefore are
neglected. In the example, “protect head” and “keep body alive” require more functions
than just deflecting projectiles. We mark this situation with an additional line ending in
a bullet (as an abbreviation for “…”). In the diagram, this situation is also indicated
after subfunction 3.

2 Since correct function formulations are difficult for beginners, we use to write the attributes of the
function in [brackets].

3 We use to write FIELDS in a different font.
4 We regard “provide energy” a correct formulation because (a) electric energy has parameters voltage
and amps, can influence components and be influenced, and (b) “providing” changes these
parameters.

FAST for TRIZ 121



F
ig
.
3.

B
as
ic

co
nc
ep
t
of

FA
ST

fo
r
T
R
IZ
.
W
e
us
e
to

dr
aw

su
pe
rs
ys
te
m

fu
nc
tio

ns
in

he
xa
go

ns
.

122 K. Hiltmann



As a rule, every function in the ES is supposed to possess a super function, i.e. a
neighbour to its “why” side. Otherwise, the respective function would be evidently
useless. Therefore, we do not suggest to insert any general, singular, recurring etc.
functions in this diagram as isolated boxes. The only exception to this rule are
simultaneous functions, first of all harmful ones, which of course do not serve a useful
purpose (they may possess harmful functions as their super functions, though, see
Fig. 8). We have also marked a corrective function associated to the harmful one in
Fig. 3. At least, the fact that corrective functions lack super functions is both plausible
and agrees with trimming rules for processes [19].

Please also note that the configuration of the system modelled may not be constant
over time – depending on the phase in its life cycle or its momentary use, super
functions, accepted functions, and even the internal functional structure may change.
The diagram must therefore be redrawn for differing situations or this variability should
be indicated by suitable means.

4.2 Assistance in Formulating Functions

Identification of functions is required for various reasons. These include TRIZ Function
Analysis [20], which, in turn is used for system improvement, problem solution, or cost
reduction, for description and understanding the objectives of the customer as well as
of an ES’s structure and operation, and for analysis of a projected design task for
subsequent search for partial solutions [16, 21].

When working with functions, users often encounter difficulties finding the correct
formulation. Despite the definition of a function seems simple and logical, even experts
get into predicaments in practice. Indeed, there are different concepts of functions as
Pulm points out [16, 22]. The official VDI 4521 definition regards functions as relations
between system components. Correspondingly, in his lessons Ikovenko asks for the
function of an open door [19]. The answer is “none” since the open door does not
interact with persons travelling through. If however doors had no function, there would
be no reason to build them5. The concept of functions is thus closely related to the
specific functional model chosen [22]. It therefore seems appropriate to translate for-
mulations from one concept to another, which can be done easily in the FAST model.
In the helmet example, “protect head” would then be a reasonable user-related for-
mulation which is translated via secondary function into the system-related formulation
“deflect bullet”.

Another difficulty lies in interface functions: If the functionality of a hammer is
only described as “drive nails”, its usability for the worker will be neglected – a
mistake that has been made by engineers for long times. Practitioners therefore use to
formulate “hammer permits/enables/supports use”, which is not correct from the
standpoint of system theory since “use” is not a component and “permit” is not an
influence. The FAST model though can easily consider interface functions: Due to the
separation in system and super system functions, there is no more need to formulate

5 A formal argumentation in TRIZ might be to formulate a harmful function of a wall “block persons”
and to counterweigh it with the corrective one of the door “remove wall”.
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“hammer supports use” but “move/accelerate/guide/…/hammer” in FAST is a function
of the super system.

By asking “how is <function> performed?”, the structure of the system is detailed
further until a satisfying level of detail is reached. Subfunctions of this level are called
“elementary functions” [23 pp. 30, 24 p. 423]. It depends on the system and its user to
decide which degree of refinement is elementary, as is the rule in TRIZ function
analysis [20]. A machine designer will consider a motor and its function “transform
electrical energy [to mechanical]” as an elementary component whereas a motor pro-
ducer has to consider the components of the motor and their respective functions.

In the process that standard VDI 2221 recommends for mechanical design, function
analysis among others serves to identify subordinate problems. After these have been
found, their corresponding requirements ought to be conveyed to the specification
sheet. We do so by first inserting comments into the diagram, Fig. 4, and then col-
lecting the comments in the specification sheet.

Fig. 4. Part of a FAST diagram for a fire-fighting device with comments

Fig. 5. Interface parameters (G geometric, I information, E energetic) entered in the model
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It may further be helpful to indicate interface parameters, especially if functions are
to be performed by differing function carriers as in highly modular systems. These
parameters can be entered into the model as shown in Fig. 5:

4.3 Landscape of Functions/Functional Map

Typically, a system fulfils not just a single basic function, i.e. an effect on its super
system, but several, including harmful ones and aesthetical functions. For instance, an
electric drilling machine serves for drilling workpieces. Besides this, it can also be used
to produce chamfers, for threading etc., but also to stir paint and for countless other
applications. We call these functions “Additional” ones, Fig. 6. Which of these basic
functions is the main function is arbitrary and again depends on the user and the
considered phase of the product life cycle. The argument, the main function was the
one the ES was built or bought for does not hold since depending on the situation and
the life cycle phase, the main function may change [25, 24 p. 423].

A question that comes up when searching for additional functions is “which exactly
are all the functions, also unknown ones, a system can perform?” One tool to identify
possible additional functions is Anticipatory Failure Determination [26, 27], another
Reverse Function-Oriented Search [28] but more work is needed on this subject.

An ES always serves a superior function6; since this is a user-related function,
usually a use aspect and an aesthetic aspect must be distinguished [14]. Each ES
therefore uses to serve at least two superior functions but the ES is not sufficient in
fulfilling these. If it was, the ES’s basic function would be just a reformulation of the
superior function. For instance, a hammer serves to impact on an object and the user
needs this action to drive a nail into a wall. Obviously, two more ES’s are required: The
nail and the wall (and the worker). All these three (four) systems together with their
respective functions can fulfil the user’s desired function which requires mutual
matching.

Functions that are fulfilled externally from the ES and support the ES in serving a
common superior function we call “Neighbouring Functions”. Neighbouring functions
may be performed by one or more systems in the neighbourhood of the system, i.e. in
its super system. The concept of neighbouring functions is important for matching their
parameters, in order to increase the functionality of the ES (neighbouring functions are
prone for integration into the ES), and to organize ES’s into systems of ES’s. This latter
point is required when a product portfolio shall be defined or when an ES is to be
organized into modules.

One tool of “classical” (Altshuller’s) TRIZ is the system operator. The system
operator compares a system at different times and may be used to estimate the future
evolution of the system. In addition, several levels in system hierarchy are considered:
The system itself, its subsystems, and its super system(s). We suppose that the diagram
drawn for different situations may help clarify the interrelation of ES and super sys-
tems. However, more experience is needed on this subject.

6 … which follows from its definition “man-made assembly […] which meets a purpose” [11].
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4.4 Illustrating and Explaining the Laws of Evolution of Engineering
Systems

G. Altshuller formulated laws that governed the way engineering systems evolve over
time. According to Schollmeyer [29] and Karasik [30], these laws resulted from Alt-
shuller’s understanding of Soviet books on the history of technology (first of all avi-
ation technology) of his time and reflect the principle of dialectics in the system of
Marx and Engels. To our knowledge, Altshuller does not explain why, in what limits,
and how exactly he expected these laws to apply.

The first of these laws is the “law of the completeness of parts of the system” stating
that “each technical system must include four basic parts: an engine, a transmission, a
working organ and an organ of steering” [3].7 In the scheme of GenTRIZ, an engi-
neering system acquires these functional elements in the order of Operating Element –
Transmission – Energy Source – Control [19].

Obviously, the first stage in the evolution of an engineering system (tool) is
characterized by a situation without this tool, i.e. naked man who provides solely of his
body to perform the functions he desires, Fig. 7. Improving the system will include first
absorbing the operating/working function, and consecutively the remaining ones.

As an example, Fig. 8 reproduces Hodler’s painting of a lumberjack who consti-
tutes in combination with his axe a complete (although, as a human, not necessarily an
engineering) system. Please note that the axe itself – though incomplete – is a func-
tioning system as well, provided that it can borrow the missing functions from its super
system. We consider this observation important since it draws a link to well-adjusted
systems of ES’s and touches the aspect of how much functionality an optimally fitted
system should contain.

Fig. 7. An engineering system evolves from a situation before its creation (man performs all
required functions with his body) until a complete system, gradually absorbing all the functions
required.

7 Hubka mentions in “Theory of Technical Systems” [31] that Borgnis in 1818 [32] distinguished six
classes of machine elements (engines, transmissions, transformers, supports, control, and working
organs). Marx, whom Altshuller might have referred to, mentions only three elements (motor,
transmission, and working organ) [33 p. 261].
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4.5 Increasing Product Functionality, Updating the Product Portfolio

One way to increase the value of an ES is to increase its functionality as is recom-
mended especially in the first phases of the S curve [35 p. 168; 19; 36]. Prushinskiy
recommends to merge (hybridize) the ES with an alternative one that performs the
same main function [37]. We would enlarge the field of search for hybridization
partners to systems contributing to the same super function, i.e. systems that perform
neighbouring functions (neighbouring systems).

With value V = total functionality F/total cost C [19], cost must be kept low in spite
of rise in functionality, so synergy must be used [38] and the new products to be
integrated into the portfolio must be similar to the existing ones. From the viewpoint of
an engineer, similarity means technical or technological similarity. From the marketer’s
viewpoint however, similarity means similarity of market. The highest similarity of
market is achieved with products serving the same super function, i.e. the same need.

Likewise, new functions to be integrated into a product must use technical syn-
ergies and/or serve a known market – if possible, the same marked as covered before.

The network of functions displayed by the FAST diagram supports both identifi-
cation of neighbouring functions serving the same need/super function and technical
synergies. We have therefore varied the functions and extended the notion of neigh-
bouring ones, Fig. 9. This diagram uses concepts of systems with varied parameters
and competing systems that Ikovenko presented with the GenTRIZ system of evolu-
tionary laws, first of all the law of transition to the super system [19]: According to the

Fig. 8. Complete system consisting of axe + lumberjack. The axe itself will be a working system
if it borrows the functions of energy conversion and control from its super system [using 34].
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first subtrend, the parameters of the integrating system become increasingly different
from those of the Engineering System.

Let us explain the scheme given above using again the example of a hammer,
Fig. 10. With “attach board” being the super function, “detach board” is the anti super
function. Both are required to fulfil the secondary super function. However, the simple
hammer does not serve “extract nail” which a gripper is needed for. Other functions
required for attaching boards are neighbouring function “hold nail”, driving a small nail
with lesser force (varied parameter, lesser hammer), and “drive screw” (competing
function) together with their respective anti functions of “let nail go” and “extract
screw”.

On the input side, the user will accelerate and direct the hammer at which activity
he mail fail, requiring a correcting function, or which he may perform in an opposite
way.

In accordance with the law of evolution, the diagram now suggests extending the
functionality of the hammer “horizontally” by including the functions of extracting
nail, holding the nail, driving with reduced force, or driving screws. “Vertical” inte-
gration would mean to have some of the accepted functions included, e.g. accelerating
and directing the tool. Vertical integration may as well extend to the “why” direction,
realizing a complete system with “attaching boards” as its main function.

Search for technically similar products is done by regarding the functionality of the
ES and searching for alternative uses, e.g. using Reverse Function-Oriented Search.

4.6 Finding Threats of Substitution

An ES is a means to fulfil a need (its super function) and it is created in order to achieve
the need using the available resources efficiently [39 p. 23]. The FAST model illustrates
this situation by arranging the ES between the needs on the “why” side and the
resources (via accepted functions) on the “how” side. One may imagine a flow of
resources streaming from “how” to “why” into the fulfilment of needs. Since there use
to be competing systems, the main functions of which deliver an alternatively viable
means to fulfil the need, the ES may lose the race in favour of its competitor, and
vanish. Examples for this are the steam engine or the mechanical typewriter.

It must be kept in mind that the FAST model represents first of all a model of
functions into which we draw the allocation with systems. Basically, the model is self-
similar: What has been said above may be applied to any super or subsystem, as big or
small as it may be. Therefore, in general, every subfunction has its neighbouring,
competing etc. functions, which may replace it, thereby eliminating all its direct sub-
functions. Likewise, a super function may vanish as it is replaced by a competing one8.
The model thus permits consideration of alternative ways to fulfil a need and to monitor
threats of substitution. What is still missing however, is the assessment of the risk, see
discussion.

8 It is an open question if the “final“ super function can vanish or not. Since it constitutes a basic
human need, it is expected to last as long as mankind.

FAST for TRIZ 131



5 Conclusion and Discussion

We have proposed for application in TRIZ a variant of the FAST model and diagram
that omits changes which had been introduced for specific needs of Value Engineering
compared to Bytheway’s original approach. On the other hand, we added concepts of
function which result from considerations within TRIZ. The resulting scheme depicts a
landscape of functions which is associated with the boundaries of engineering systems.
The scheme is self-similar and applies to all hierarchical levels of functions.

The advantages of the model are seen primarily in product development: Similar to
the flow-oriented model it permits to enter specifications of functions and interface
parameters as well as demarcation of system levels – at least as long as they correspond
with the functional hierarchy. In addition, it can present a map of needs and their
fulfilment (a market-related view) and correlates this with the functionality of a
product. The optimal set of functionality can be checked using a list of potential
functions:

• standard functions (acc. to Altshuller [3], Borgnis [32], Linde [40, p. 264],
Bettencourt [41])

• anti functions
• competing functions
• parameter-varied functions
• harmful together with failure functions and their corrective ones
• neighbouring functions
• higher superiour functions

The developer should decide if incorporating these functions or trimming and
borrowing them from super system would increase the value of the ES.

The aspects of trimming the model and optimal design of functionality, linking to
and optimizing the super system as well as possible mechanisms of laws/trends of
system evolution have not yet been treated in this paper and remain for later research.

What we mentioned are changing conditions in the life cycle of a system. Souchkov
pointed out that due to changes in the super system – super functions vanishing or
resources running dry – systems may face becoming obsolete [42]. Evidently, a time-
dependent format of the model would be desirable.

The FAST model as described here displays functions, however for strategic sys-
tem planning, ideality or value is a needed information to assess future development.
A task to be solved in the future therefore is how to integrate the aspect of cost.
A vague idea may be to compare the flow of resources through the system with an
electrical circuit or “potential problem” with cost being represented by the respective
electrical “function resistances”.
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Abstract. TRIZ and C-K are both presented as theories aiming to facilitate
innovations. In recent years several authors have published articles enlightening
differences between TRIZ and C-K. C-K was initially a descriptive theory of
innovation, which has gradually been developed into methods with an opera-
tional focus.
To clarify if both TRIZ and C-K could be recognized as theories, a first

question will be considered, what is a theory? Are then TRIZ and C-K design
theories, and if so, is it possible to consider two different theories of a single
subject? This article is a first step in a more global perspective aiming at clar-
ifying what a design theory should be and how these two proposals give part of
answers, and they could be complementary.

Keywords: Design theory � TRIZ � C-K

1 Introduction

Design methods have been widely proposed in literature, widely spread, and widely
used in industries. One can cite, among the most famous ones, Axiomatic Design,
Value Analysis, Quality Function Deployment, and so on… But a question remains
about what is really designing, and can a theory of design be proposed? Speaking about
theory is quite common in sciences such as mathematics, physics, … but as soon as we
consider human-centered subjects, lot of divergences could appear. Is designing a
human activity? If so, has it to be considered as a cognitive description of activities?
Lot of approaches, even based on TRIZ, aim at automatizing the design process, thus
making this question a question of algorithms, and computerization. In this article, the
authors propose to consider the design as a human activity.

On the basis of this hypothesis, we consider on the one hand C-K as a design
theory, and on the other hand, TRIZ as a theory of inventive problem solving which is
often presented as a design theory… Are they really design theories, and if so, do they
differ? Do they contradict each other? Or are they complementary? To answer these
questions, this article proposes to first give a presentation of these two theories, and
then to give a pattern to analyze the requirements a theory should satisfy. Then C-K
and TRIZ will be described through this list of requirements. Finally, a comparison and
conclusion for discussion will be proposed.
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2 Materials and Method

2.1 C-K Theory

“The name ‘‘C-K theory’’ reflects the assumption that Design can be modelled as the
interplay between two interdependent spaces with different structures and logics: the
space of concepts (C) and the space of knowledge (K).” [1] This theory has been
introduced in 2003 by Hatchuel and its main assumption is that designing, and in
particular innovative design, is based on cognitive processes between true facts, true
assumptions, that composed the space of Knowledge; and undecidable propositions,
that composed the space of Concepts.

Moreover, these two spaces are defined as being expandable, the space K con-
taining all established, true, propositions, whereas the space C contains “concepts”
which are undecidable propositions in K (neither true nor false in K). These two spaces
can also be partitioned, and two kind of partitions have been proposed [2]:

– Restrictive partitions add to a concept a usual property of the object being designed.
– Expansive partitions add to a concept novel and unprecedented properties

The expansion of the two spaces are enabled due to 4 operators [3]:

– K ! C operator, which adds or subtracts properties from K to concepts in C, a way
to create alternatives;

– C ! K operator, which seeks for properties in K that could be added or subtracted
to reach propositions with a logical status;

– C ! C operator, which is at least the classical rules in set theory that control
partition or inclusion;

– K ! K operator, which is at least the classical rules of logic and propositional
calculus that allow a knowledge space to have a self-expansion.

Thus, the design process could be represented as conjunctions and disjunctions
between the two spaces as illustrated on Fig. 1.

2.2 TRIZ Theory

Another theory well known in design, and more specially in creative design is TRIZ.
TRIZ has been developed by G. Alsthuller to help designers to be more creative and it
has first been a set of tools, which were later organized in a method, before being
defined as a theory [4]. The last step of method development, under Altshuller’s
supervision is ARIZ-85C. G. Altshuller concluded that ARIZ- 85C was a complete tool
for solving inventive problems, and did not need to be improved further very much
since its application had been tested on thousands of real problems and proven to be
effective [5]. This version contains considerable generalizations of all the underlying
elements of TRIZ and has been recognized as a Meta-Algorithm [6].
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Following the elements constituting the TRIZ theory, which are recognized as
being the 3 main axioms on which any TRIZ based method has to be built:

– The laws of technical systems evolution: the evolution of a technical system is
guided by a set if tendencies that are common to any system;

– Any problem has a hidden contradiction: to evolve a technical system has to
overcome the contradictions related to its level of maturity and in accordance with
its environment;

– Specific conditions: the way a technical system will solve the contradiction depends
of the available resources, as formulated by the Ideal Final Result.

The elements have historically defined throughout the evolution of ARIZ and could
be found in [7, 8]. Some authors recognize TRIZ as “the only constructive theory of
invention and, based on its essence, of engineering creativity.” [6] Moreover TRIZ is
described as a theory providing models, rules, for thinking.

2.3 Method of Analysis

To analyze and compare TRIZ and C-K, the authors propose to first give a definition of
what should be a theory, and then analyze C-K and TRIZ methods in regard of the
definition. A theory should have a predictive and explicative role about the world,
being thus a representation and inference tool [9]. Based on this working definition of
what is a theory it is necessary to clarify the object of the world a theory should
explain. Our general topic is inventive design, thus how can we define exactly what is
inventive design?

In engineering domain, a creative product is often called an invention [10]. Both
creative and inventive design problems are considered as requiring creative and

Fig. 1. C-K design process and its operators
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inventive thinking in order to propose new, original, different and efficient solutions.
Inventive design involves the creative thinking, and are considered as non-routine and
ill-defined activities by Reitmann [11]. For Simon [12] to design is to solve ill-
structured problems. Boden [13] suggests that achieving creativity is only possible by
going beyond the bounds of a representation, and by finding a design that could not
have been defined by that representation. If referring to a more engineering point of
view, and according to Gero [14], creativity in design is concerned with the intro-
duction of something new leading to a result that is unexpected.

In general, the cognitive scientists rely the creativity to three main concepts [15]:
the creative person (defining a creative person as one who can tolerate ambiguity),
creative product (defining a creative product as a new product qualitatively different
from other products of the same type) and creative process (defining a creative process
as a process involving integration of new knowledge in a problem model).

Then, if considering a theory about inventive design, this theory has to clarify the
subject; is it the person, the product or the process? For Altshuller, TRIZ “is a system
of many approaches and methods providing for a goal-oriented direction of the process
of problem-solving based on knowledge of the laws of development of the objective
reality” [7]. If considering one of the pioneer in design theorizing, Simon considered
designing as a problem solving activity [16, 17]. One of the similarities for the two
approaches of C-K and TRIZ is to be human-centered and not to aim at proposing an
automatization of the process. It seems then interesting to consider designing, and so,
problem solving, under a cognitive point of view. In [18], 4 general strategies: means-
end analysis, subgoals, analogy, and diagrams are described that can be solicited during
problem solving. Designing, as an open-ended and ill-structured problem [19], can then
easily be regarded throughout the solicitations of these 4 strategies. Another key aspect
is the co-construction of the problem and search space [18, 20], the problem defining
the number of possible choices and paths that could be followed in searching for a
solution (the search space), whereas the problem solver determines which of these he
will explore (the problem space).

Considering these last points, problem solving and problem formulating could not
be considered separately. Nevertheless, Novick pointed out that it is “important to
distinguish, to the extent possible, how solvers represent the information in a problem
from how they use that information to solve the problem” [21]. Novick also proposed
that a good representation is one for which all of the important components of the
problem are interconnected.

In conclusion of the elicited characteristics of design, and if aiming at proposing a
design theory, we will confront both proposals, C-K and TRIZ throughout the fol-
lowing points:

– Object: what exactly do the proposed theory study?
– Problem/search space: do the proposals consider the construction of these two

spaces, and do they make the link between them?
– Explicative: do the theory enable to explain how the design occurs?
– Predictive: do the theory propose means to foresee how solutions will appear and

propose a formal model to make these predictions?
– 4 strategies, do the theories consider the 4 main strategies of problem solving?
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3 Analysis of the Theories

3.1 Critical Analysis of C-K

Object of C-K
The C-K theory aims at describing how information are treated throughout the problem
resolution process, characterizing information in regard of its and how to build parti-
tions and make the information evolve by the use of the 4 operators. Thus the question
of what does the C-K theory model and analyze and what it enables to study would
rather find an answer in regard of the cognitive process. One can say that the C-K does
not really consider the design process itself but rather the way the designer is thinking
during the process. Indeed, the 4 operators do not describe the way information has to
be processed to transform a problem into a solution, but they rather clarify how the
information status (is it a concept? Is it a knowledge?) evolve during the resolution
process.

Problem/Search Spaces and C-K
If considering that a problem is an objective which the designer does not know how to
satisfy, one can easily recognize that a problem is such an information that cannot be
considered neither true nor false, thus the Concept space could be referred as the
problem space.

Is then the Knowledge space the search space? It is obvious that these two spaces
are connected, as any satisfying and feasible (or not) solution found is both an element
of the search space and of the K space (as the value of the element will be true if it is
feasible, or false otherwise). But the search space is not necessarily composed of valued
information, and the K space could be full of information not directly linked to
problem. To conclude solutions concepts for which feasibility is known are common
elements of both K space and search space, but these two spaces are not similar.

Is C-K Explicative?
Does the theory enable to understand how a design problem is solved? It, at least,
enables to illustrate and follow the way ideas are generated and valuate the information
in regard of their feasibility. Based on this, the C-K does not detail the mechanisms of
change; but it could rather be defined as a macro model of cognitive processes to
explain how the flow of information is processed during the design process.

Is C-K Predictive?
This question arises another one, what does it mean being predictive? In regard of what
a theory should be, it should give the rules and a model to predict how a phenomenon
will occur. As explained previously the object of C-K is more the cognitive process of
the designer rather than the object of design, so, one can consider that C-K is pre-
dictive, as it specifies the mental operations the designer will have to follow to progress
from a problem, a concept in C space, to a feasible solution, an information in K space.

Strategies of Problem Solving and C-K
Considering the strategies again in regard of C-K, the 4 operators do not consider how
to progress from a given problem to a solution, but rather explains how the use of any
of these strategies will impact the value of the information. It can be seen as a meta
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model modelling the way new information is built, this point is seen by C-K authors as
helping in the exploration of new alternatives [3].

If considering the 4 main strategies, one can consider that both sub-goals and
diagrams could be recognized as partitions in the Concept Space. But either means-
ends analysis, or analogies could imply any of the 4 operators of the C-K theory. The
operators will enable a description of the nature of the information generated by the
strategies.

As described in [22], C-K theory proposes a model to evaluate creative design, it
introduces metrics, it “offers a controllable model on the evaluation of creative design.”
This idea is reinforced in [23] by the terms of C-K theory offering an interpretative tool
supporting critical discussion on design and creativity.

Critical Analysis of TRIZ

Object of TRIZ
The first aim of G. Altshuller was to start to develop tools to help engineers to be more
creative [24]. Step by step, he understood that not only the tools were required, but also
the good way to use them, and then the need of methods arose. The last method
developed by Altshuller personally is ARIZ-85C [25]. This is the result of many
versions throughout the years, which have been built and tested by hundreds of
engineers on many problem resolutions [8]. TRIZ gives the axioms on which any
method has to be built, if aiming at proposing robust concepts to solve technical
systems problems.

Problem/Search Spaces and TRIZ
In TRIZ methods, in the different versions of ARIZ, two main processes are recog-
nized, problem formulating, and problem solving. The formulation of problem is the
identification of a goal, a specs, that have to be fulfilled, and also a set of constraints
that have to be considered. The set of specs, of constraints, could be recognized as a list
of Evaluation Parameters, on which Systems of Contradictions will be built, and this
list of Evaluation Parameters (and their required value) and of Systems of Contradic-
tions is the problem space.

Then the solution space could be recognized as the way one particular System of
Contradictions will be chosen and how it will be treated throughout its resolution.

Is TRIZ Explicative?
Does TRIZ enable to understand how a design problem is solved? ARIZ-85C, for
example, proposes a set of steps that have to be performed to step-by-step transform the
mental representation of a problem till the formulation of a feasible concept of solution.
It, thus, explains, the path followed from a given problem to a solution concept, based
on a well-formulated System of Contradictions. For this, one can say that TRIZ plays
an explicative role in design problem solving.

Is TRIZ Predictive?
Does TRIZ methods give the rules and a model to predict how a phenomenon will
occur? The assumption of G. Altshuller is that any problem, to be solved, has to first be
formulated in the shape of a contradiction. This is the predictive model of TRIZ. Solving
a problem thus require to identify, formulate and solve the inherent contradiction.
Does TRIZ give a set of rules? For sure, ARIZ-85C proposes the ways to well formulate
and solve the problem, each step giving a pattern for respecting these rules.
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Strategies of Problem Solving and TRIZ
Talking about TRIZ and about the 4 main strategies highlights immediately the
question of analogies. It is obvious that the way the inventive principles, the methods of
separation of physical contradictions, and also the 76 standards have been defined and
are used is an illustration of analogies.

Does TRIZ use the 3 others strategies? One can recognize some aspects of means-
ends analysis or sub-goal strategies in the methods used for the Analysis of Initial
Situation, but these strategies here are more used to well choose a priori problem to be
considered, rather than to search for solution. It seems thus that TRIZ consider mainly
only one of the 4 strategies.

3.2 Comparison

The Table 1 summarizes all the previously described elements of C-K and TRIZ in
regard of the required elements for a theory.

An analysis of one TRIZ-based method, ASIT [15], throughout the C-K paradigms
has been proposed in [22]. It reveals how C-K theory enables to well capture “the
activities of a creativity method” and also that the theory “says nothing about ‘how’
expansive partitions should be generated from K”. This could be recognized as a
limitation, but in fact it is quite consistent, as the object of the C-K is not the design
process itself, but rather the cognitive processes and their impact on the information,
during this design process.

Table 1. Table captions should be placed above the tables.

C-K TRIZ

Object Design cognitive process Design process
Problem space The Concept Space could be

recognized as the problem
space

The problem space is built on
the list of Evaluation
Parameters and of Systems of
Contradictions

Search space The search space is a
combination of both the
Knowledge and the Concept
Spaces

The search space is defined by
one chosen System of
Contradictions and how it is
resolved

Explicative It defines a macro model of the
cognitive processes

As a meta-algorithm it gives
the clue to explain the design
process

Predictive The 4 operators specify the
kind of operation have to be
performed during design
process

The methods of TRIZ (ARIZ-
85C) give a predictive
description of the process

Strategies Means-end The 4 operators describe the
results in regard of the quality
of information but do not
define the way to act on
information

Partially performed by the
Analysis of Initial SituationSubgoals

Analogy Resolution tools
Diagrams Not used
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With TRIZ, the object is the design process itself, it has the explicative and pre-
dictive aspects, but one interesting question is, could TRIZ methods take benefits of
using the 4 generic operators for problem resolution?

4 Conclusion and Discussion

One of the main conclusions of this analysis and comparison of C-K and TRIZ is that
both are non-conflicting theories as they do not focus on the same object. An inter-
esting question is thus about their complementarity. Could each theory benefit of the
other? Is it possible to propose cross-fertilization between both? It seems that the
answer is yes, as TRIZ proposes, with the resolution tools, precise processes to act on
information, and as, on the other side, C-K, gives a way to analyze the completeness of
a design process in regard of the 4 proposed operators.

A future study will be performed to analyze, during a case study performed with
TRIZ-based methods, how C-K elements give elements to describe more precisely and
to give clues to be more complete, in regard of the way information are treated.
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Abstract. Patents are one of the main innovation knowledge sources for
engineers and companies. Inventive Design Method (IDM) – results from a
research that extends from TRIZ and contains formal knowledge description
components using ontologies, such as problems, partial solutions, and param-
eters. In this paper, we introduce IDM-Similar model that extends existing
research work in IDM-related knowledge. A neural network named Word2vec
and cosine similarity approach are used to build this model to compute the
similarity among problems in wide range domains’ patents covering from the
chemistry to mechanics and the computer to physics. Our model assumes that a
partial solution of a patent could be used to solve the problem of another patent
from a different domain if these two problems are similar enough. Experiments
show that our model is a promising alternative to classical TRIZ for engineers to
associate their problems in a field to solutions from patents of another field.
Consequently, the step dedicated to solution concepts ideation is improved using
our work.

Keywords: TRIZ � Inventive Design Method � Word2vec � Similarity
computation

1 Introduction

TRIZ is the theory of inventive problem solving [3] and its derived approach Inventive
Design Method (IDM) was created to assist engineers in their invention process [2].
Moreover, IDM-related knowledge mainly is hidden in patent documents. And also,
more than 80% of man’s technical knowledge is described in patent literature [2] and
the World Intellectual Property Organization revealed that 90% to 95% of all the
world’s inventions are found in patent documents [1]. Therefore, the patents now are
the most useful reference materials for engineers to find out innovative solutions.

However, most companies, nowadays, still rely on engineers’ experience or
brainstorming among different domain’s experts or manual work on searching
knowledge from patent documents to promote the advancement of products. These
types of methods now cannot fit the current rise of infinite and permanent renewal of
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information and data’s throughout all domains. At the same time, engineers are tra-
ditionally using the patent to check if their idea has already been exploited by some-
body else or to browse large quantity of images to check the state of the art around their
project in order to be aware of what exists. Further, some innovative solutions or
methods might be from other domains, which normally could not be found by engi-
neers via conventional search methods because their lack of expertise. The limitation of
the knowledge that engineers have and the inefficiency of searching patent documents
have become a big obstacle to promote the development of innovation.

Thus, finding an innovative solution for some special industrial problem from a
wide range of patent documents is of paramount importance. Moreover, engineers
usually are unable to find out breakthrough inventive solutions, key to competitiveness,
using classical methods. To address this issue, we propose to use Google’s neural
network named word2vec [6] to obtain the sentence vector for every problem in
patents. Then, we compute the cosine similarity between the pairs of sentences in order
to retrieve similar problems from other patent documents. Consequently, we can
successfully merge three of the similar IDM-related knowledge from patent documents
that are problems, partial solutions, and parameters [4]. This approach should be
helpful to engineers to easily and effectively find out similar problems from other
patent documents. The latter could suggest more inventive solutions mined from a
wider range of industrial domains so that they could be better assisted in Research &
Design development activities [3, 5].

The final experimental results on real-world dataset show that the approach we used
achieve promising results on finding similar problems from a large amount of patent
documents as well as corresponding solutions. This greatly speeds up the whole effi-
ciency for seeking innovative solutions and emerging IDM-related knowledge. Par-
ticularly, we show that our work successfully finds out two typical similar problems
that are just matched with the vibration and data retention problems as well as corre-
sponding solutions from different domain’s patents. The contribution of this paper is
that we mix the use of neural networks and IDM-knowledge to facilitate the merging of
IDM-knowledge of different domains’ patent documents in order to promote R&D
activities. Besides, no other work, to the best of our knowledge, has been introduced
so far.

The paper consists of the following sections. Section 2 introduces a brief state of art
about similarity computation on patent documents. Section 3 and Sect. 4 separately
details the IDM ontology as well as the methodology of the Word2vec, Sentence2vec,
and similarity computation. We expose the experiments validating our model and the
case study detailly in Sect. 5. We finally conclude our work and show perspectives for
future works.

2 Related Work

Similarity computation is one of the most important tasks in natural language process.
At the same time, there are many research achievements that use content of patent
documents. These research achievements usually are valuable for product innovation.
Significant efforts have recently been recorded in the similarity computation on patent
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documents, especially in word similarity computation [7, 8, 10] and document simi-
larity computation [11–18].

In the study of word similarity computation, Dagan et al. [7], at 1993 year, pro-
posed that the feature according to contextual information in documents can be used to
better compute the similarity among words when we have a large-scale corpus. Most of
the following research is then based on this achievement to further improve the final
performance. Further, Pilehvar et al. [8] used an iterative method for calculating topic-
sensitive PageRank [9] to construct each semantic signature in order to compute the
similarity between two words. In addition, Terra et al. [10] investigated frequency
estimates for co-occurrence that are based both on documents and on a variety of
different window sizes, and examine the impact of the corpus size on the frequency
estimates. They found that the size of a context for the target word will notably affect
the result of the similarity computation on words.

The study of the document similarity computation is mainly as follows. In the
beginning, Kessler et al. [11] and Small et al. [12] separately proposed Bibliographic
Coupling and Co-citation Analysis methods at 1963 and 1973 year to analyze the
similarity among different patents. Besides, a patent classification system using co-
citation analysis has been also proposed by Lai et al. [13] to compute the patent
similarity. Further, McGill et al. [14] and Mowery et al. [15] computed the similarity of
firm patents via cross-citation rate when analyzing patent citation data. Moehrle et al
[16] and Bergmann et al [17] also used natural language process methods to extract a
subject–action–object–format (SAO) structures in patents first and then built similarity
matrices for patents to evaluate their similarity. In addition, some indexes as centrality
index, technology cycle index, and technology keyword clusters in patents are also
used for in-depth quantitative analysis in order to compute the patent similarity [18].

The above similarity computation approaches on patent documents now mainly are
applied on wide fields like evaluating the risk of patent infringement [17], discovering
competitive intelligence [19], identifying technology opportunities [20], measuring the
novelty of patents [21], making the technological roadmap [22], detecting the similarity
between patent documents, and scientific publications [23], etc. Our work achieves also
some inspiration from the above similarity computation methods that are used on real
applications. However, we found that few of existing similarity computation methods
or models which have been used on IDM-related knowledge, especially computing the
similarity among different problems in patents. In this paper, we try to fill the gap of
similarity computation on the field of IDM-related knowledge implementation by using
the word vector model in order to improve the efficiency of finding similar problems
and corresponding solutions from patent documents as well as expand the border of
finding solutions.

3 IDM Ontology

Inventive Design Method (IDM) is based on the Theory of Inventive Problem Solving -
the translation of the acronym TRIZ. It represents an extension of TRIZ and is usually
perceived as more guided, therefore easier to teach to others since it is more formally
described. It aims at assisting companies and engineers to solve complex and multi-
disciplinary problems in creative ways.
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Different from other ontologies, IDM ontology is generic and applicable in all fields
[25]. In addition, Cavallucci et al. [26] proposed the main concepts of IDM that are
problems, partial solutions, and contradictions including element parameters and val-
ues. In patents, problems normally describe unsatisfactory features of existing methods
or situations. Partial solutions provide improvements or changes to the defined prob-
lems. Each problem may cause one or more contradictions the patent solves. Besides,
partial solutions must be the simplest possible. Elements are components of the system
and parameters qualify the element with certain specifics. Parameters are also qualified
by values. The knowledge contained in these key concepts of patents usually has great
value for engineers. Thus, we try to maximize this knowledge, hidden in patents
unstructured text, to find out relevant inventive and potential solutions to a given
problem in order to assist creative R&D departments.

4 Methodology

In this section, we introduce a new model named IDM-Similar for IDM-related
knowledge similarity computation. Our work aims to find out similar problems to a
given problem from the large-scale patent corpus in order to merge IDM-related
knowledge. We first extract problems as well as corresponding partial solutions and
parameters from several patent corpus using IDM-related knowledge extraction tool
[24]. Then, we compute the similarity between these problems.

Formally, the extracted IDM-related knowledge set Ki ¼ Pi;PSi;PAif g is from i-th
patent document where Pi, PSi, and PAi are problems, partial solutions, and parameters

respectively in the i-th patent document. Given the j-th problem Pj
i ¼

wj1
i ;w

j2
i ; . . .;w

j wij j
i

� �
in the i-th patent document where w

j wij j
i is the wij j-th word in the

j-th problem sentence, and we compute its similarity between to the other considered
problems P.

4.1 Word Vector

We aim at using Word2vec to compute every word’s vector in training corpus. Indeed,
we integrate open source Wikipedia corpus to train Word2vec model. Word2vec is a
type of word embedding model that proposed by Google first. This two-layer neural
network can be trained by a large-scale corpus to achieve a vector in the space for each
unique word in the corpus. Word vector is positioned in the vector space such that
words that share common contexts in the corpus are located in close proximity to one
another in the space [6]. The trained Word2vec model can simplify the processing of
the considered text into n-dimensional space vector operation. Thereby, the similarity
in vector space can represent the semantic similarity of text. In addition, the process of
training on Word2vec is unsupervised and this two-layer neural network turns text into
a numerical form that deep networks can understand so that it can be run on the
computer efficiently.
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The continuous bag-of-words (CBOW) and skip-gram [6] are two types of model
architectures that are used on Word2vec to produce a distributed representation of
words. These two architectures are similar at an algorithmic-wise but the main dif-
ference between them is that CBOW predicts the target word according to the context
words around the original word. On the contrary, skip-gram predicts each context word
via the target word. For instance, as shown in Fig. 1, CBOW predicts that the blank
(target word) is “mat” when it encounters “The dog sits on the _. It looks like a cat.”.
For skip-gram, it will predict that the context of the center word “mat” is “The dog sits
on the” and “It looks like a cat” when it reaches “ mat.- ”. Further,
the CBOW smoothly processes the distributed information, such as treating a whole
piece of context as a single observation set. In many cases, it is normally helpful for
processing the small-sized dataset. In contrast, the skip-gram combines every context
and target word as a new observation set and it normally works well on the large-sized
dataset. Moreover, skip-gram does a better job for infrequent words. In this paper, we
use Word2vec that is with skip-gram because there are many infrequent words in
Wikipedia corpus comparatively to any other corpus.

4.2 Sentence Vector

As illustrated in Fig. 2, we choose to work with unsupervised text matching method to
obtain each sentence’s vector. Matched sentence problems in patent documents are
extracted by the IDM-related knowledge extraction tool. We achieve the sentence
vector by calculating the average vector of all words in each sentence. The calcu-
lation is defined as:

ð1Þ

Fig. 1. CBOW (left) and skip-gram (right)

An Approach Merging the IDM-Related Knowledge 151



4.3 Cosine Similarity

We first compute the cosine distance between the given problem’s sentence vector

and another sentence vector :

ð2Þ

Next, the cosine similarity is defined as:

ð3Þ

Overall, if the value of cosine similarity is closer to 1, the similarity between pairs
of sentences increases.

Fig. 2. An overview of our model
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As illustrated in Fig. 2, we first employ the open source Wikipedia corpus to train
Google’s neural network Word2vec [6] in order to achieve every word’s vector. After
that, we adopt the trained word vector model to obtain the sentence vector for every
inputting problem sentence. Finally, we apply the similarity computation approach to
calculate the cosine similarity among each pairs of problem sentences and then find out
those similar problems whose value are greater than the threshold as well as their
corresponding solutions and parameters.

5 Experiments

5.1 Datasets and Evaluation Metrics

In this paper, we use the clean version of the English Wikipedia dataset [27] to train our
Word2vec model. It only contains regular article text but removes tables and links to
foreign language versions. Also, in this dataset, citations, footnotes, and markup were
removed as well as hypertext links were converted to ordinary text. Furthermore, we
also evaluate the similarity computation method on the Utility Patent datasets of US
Patent Grant dataset [28].

US patents are mainly classified to three types: utility patent, design patent, and
plant patent. According to the USPTO, utility patents are granted to anyone who
invents or discovers any new and useful process, machine, article of manufacture, or
composition of matter, or any new and useful improvement. Design patents are granted
to anyone who invents a new, original, and ornamental design for an article of man-
ufacture. Plant patents are granted to anyone who invents or discovers and asexually
reproduces any distinct and new variety of plant. But 90% of US patents are utility
patents, which protect the utility or functional aspects of an invention and they nor-
mally contain some kind of similarity on invention domains with each other compared
to other types of patents. Therefore, in this paper, we use utility patent dataset as the
test dataset to check the performance of the similarity computation approach. Utility
patent dataset contains a total of 6,161 documents.

Finding the “gold-standard” ground truth of verifying the similarity among different
sentences always is an open problem, especially for the sentences that are from dif-
ferent domains, and no work solved this problem. In this paper, we referred to 3 experts
who are respectively from mechanics, chemistry, and architecture to verify the
experimental results manually. A cross-checking among them is made to ensure the
authenticity of the final results.

5.2 Experimental Settings

In order to achieve an optimal word vector model, in this paper, we tune our Word2vec
model on the training dataset by using different parameters. At the same time, we also
optimize the efficiency and accuracy for training the model. The final parameters of our
Word2vec we set are shown in Table 1.

The number of dimensions in the created vectors is defined by #size. Hence
size here means each document receives a 100-dimensional vector from training.
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More dimensions usually mean slower training and we may risk having overfitting
when the model works on small-sized datasets. The #window indicates how many
words before and after a given word would be included as context words of the given
word. Those words in training corpus that the minimum frequency of words is below
the threshold of frequency will be discarded by #min_count. It is helpful to filter out
those extremely rare or wrong words in the corpus. Word2vec model will use the
hierarchical softmax as the loss function when we set #negative > 0 and #hs = 1 as
well as we set 3 noise words in the model when the value of #negative is 3. The
#sample represents the threshold of sampling. Those words with higher frequency in
the training dataset will be randomly down-sampled.

Furthermore, in the cosine similarity computation, as mentioned in Sect. 4, if the
similarity value between the two sentences is closer to 1, they are considered as similar.
We finally fix the threshold of the similarity to 0.95 for performance reasons upon
carrying out several tests and optimizing the size of the output.

5.3 Overall Results

In this part, we carry out the performance analysis of our model on the US patent
dataset and offer some further analysis. At first, as illustrated in Table 2, Patent
Extractor [24] we used has extracted three types of IDM-related knowledge from 6,161
US patent documents. We used 4,574 problems among them as input dataset to Sen-
tence2vec model. We compute the similarity between any two different problems via
IDM-Similar model. The performance of our model on US patent dataset is shown in
Table 3. From the results, we can observe that IDM-Similar model finally gives us
1,121 pairs of similar problems when the similarity threshold is set as 0.95. Through
three experts’ cross-checking, the number of true positive (TP) and false positive
(FP) of final results are 1,000 and 121 respectively so that the precision of similarity is
89.21%. It demonstrates that our model can efficiently find out similar IDM-related
knowledge from a large amount of patent documents belonging to different domains.

Table 1. Parameters of the Word2vec model

Parameter #size #window #min_count #negative #sample #hs

Value 100 5 5 3 0.001 1

Table 2. Performance of Patent Extractor on US patent dataset

Model Patent Extractor
IDM-related knowledge Problem Partial solution Parameter

Number 4,574 17,971 29,264
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5.4 Case Study

The objective of this part is to demonstrate the practical value of our model on merging
IDM-related knowledge from different domains’ patents. Two case studies on
chemistry/mechanics and computer/physics domains respectively assess the perfor-
mance of our model.

1. Chemistry/Mechanics: “Collector for bipolar lithium ion secondary batteries
(US9537152B2)” and “Vacuum cleaner with motor between separation stages
(US9532691B2)” are two US patents that are from chemistry and mechanics
respectively. As shown in Fig. 3, our model finds out a pair of similar problems:
“The sealing member 31 is provided in order to prevent contact between the
current collectors 11 adjacent to each other inside the battery and prevent a short
circuit caused by slight unevenness at edge portions of the single cell layers 19 in
the power generation element 21.” and “Both mounts 29, 30 are formed of an
elastomeric material and act to isolate the second dirt-separation stage 7 and thus
the remainder of the dirt separator 3 from the vibration generated by the vacuum
motor 6.” After analyzing the whole two patents, experts think that both problems
are linked and belong to different domains. It is possible to solve the short circuit
problem in US9537152B2 patent with the provided solution of the elastomeric
material in US9532691B2 patent and vice versa.

Table 3. Experimental results on US patent dataset

Model IDM-Similar
Metric TP FP Total Precision

Number 1,000 121 1,121 89.21%

Fig. 3. Diagrams of the sealing member (left) and the elastomeric material (right)
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2. Computer/Physics: “Hybrid-HDD with improved data retention (US9536619B2)”
and “Semiconductor device and method of fabricating the same (US9536897B2)”
are two US patents that are from computer and physics respectively. Two similar
problems our model found are illustrated in Fig. 4: “The test data are subsequently
read to detect the possibility of data retention errors that may occur when reading
the associated user data.” and “The ECC block 1224 may detect and correct errors
of data which are read out from the memory device 1210.” We think there is a kind
of possibility to add ECC block using US9536897B2 patent into the left device to
solve the data retention errors that mentioned in US9536619B2 patent. This case is
from two similar domains and also was extracted by our model successfully.

In conclusion of these cases, we note that the final similar problems our IDM-
Similar model found from different domains’ patents have a significant practical value
for inventive solutions. In fact, these experimental results on the real-world dataset are
a great encouragement for us.

6 Conclusion and Future Work

In this paper, we propose an IDM-Similar model to compute the similarity of the
different pairs of sentences in order to merge the IDM-related knowledge that are from
different domains’ patent documents. Our model can make full use of the IDM-related
knowledge in patents and find out similar problems from different domains. In the
experimental results, we show that our model has good precision and significant
practical value. In particular, we demonstrate two real cases that the problems can be
solved by inventive solutions from another domain using our model. It will signifi-
cantly improve the efficiency for engineers to find out innovative solutions and promote
R&D activities for companies.

Fig. 4. Diagrams of the hybrid HDD (left) and the memory systems (right)
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In the future, we will explore the following directions:

1. An accurate IDM-related knowledge extractor can further improve the performance
of our model. We will explore how to effectively and accurately extract IDM-related
knowledge from unstructured patent documents to further enhance the performance.

2. The different size and types of training datasets can affect the performance of the
Word2vec model. We will try to utilize some larger patent corpus to train Word2vec
model to improve its performance.

Acknowledgments. This work is supported by China Scholarship Council (CSC).
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Abstract. This article describes an empirical study focusing on the systematic
innovation process for finding disruptive technology opportunities. In the first
part, the concept of the disruptive technology based on the bifurcation point of
routes of system evolution of technology system is defined. The authors address
three research questions. First, how does disruptive technology define? Second,
what disruptive technologies of new product are most attractive in terms of
interest from the customers from fuzzy front end of NPD? Third, in order to
accurately find disruptive opportunities during the process of product detail
design, how to establish models of function and find solutions from components
of supersystem? The most notable achievement is a systematic flow constructed
for achieving disruptive technologies systematically. Thus, the article provides a
practical support for the methods to achieve disruptive technologies and the
process is verified by case studies about copier and children’s phone.

Keywords: Disruptive innovation � Disruptive technology � Model of
function � Supersystem component

1 Introduction

Disruptive innovation refers to the development of products whose performance is not
as good as that of mainstream products but which have other characteristics of
attracting insignificant users and new users [1, 2]. From the beginning these products
enter the low-end market or new markets, then gradually replace the finalized products
of the mainstream market, and finally the enterprises that own these products will
replace the incumbents [3]. This process is called disruptive innovation, and the
technology used in new products is disruptive technology. Disruptive innovation
products initially fail to meet the needs of mainstream customers because they may lack
some features or functions of mainstream goods. However, they are typically simpler,
more convenient, and less expensive. It is these characteristics that attract new users
and existing low-end users, allowing emerging companies to enter the mainstream
market to compete with incumbents. Disruptive innovation usually destroys the orig-
inal market competition structure and constructs a new market pattern [4].
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Danneels holds the view that disruptive technologies change the bases of compe-
tition because they introduce a dimension of performance along which products did not
compete previously [5]. Adner states that as disruptive technologies mature they will
alter industry boundaries by displacing established technologies from mainstream
segments [6]. Christensen believes the industry’s leading firms almost always tri-
umphed in battles of sustaining innovation and that entrant firms typically beat the
incumbent leaders when disruptive innovations emerged [7]. Hardman et al. mentioned
the threat of the new technology is not often recognized by existing market leaders.
Disruptive technologies are initially more expensive than the incumbent technologies.
The quality of the disruptive technology initially is often worse than the quality of the
technologies they seek to replace. The technologies have some form of ‘added value’ to
the consumer [8]. Govindarajan and Kopalle hold the view that the disruptive-
technology framework does indeed help us make ex ante predictions about the type of
firms likely to develop disruptive innovations [9]. Bower and Christensen pointed out
that the key is to manage strategically important disruptive technologies in an orga-
nizational context where small orders create energy, where fast low-cost forays into ill-
defined markets are possible, and where overhead is low to permit profit even in
emerging markets [10]. Bergek doubts the creative destruction of existing industries as
a consequence of discontinuous technological change. He argues that creative accu-
mulation requires firms to handle a triple challenge of simultaneously (a) fine-tuning
and evolving existing technologies at a rapid pace, (b) acquiring and developing new
technologies and resources and (c) integrating novel and existing knowledge into
superior products and solutions [11].

Disruptive innovation is a special branch of technological evolution route. Unlike
sustaining innovation, disruptive innovation technology does not pay much attention to
promoting mainstream functions constantly. Technology forecasting based on tech-
nology evolution route can achieve the forecasting process of disruptive technology
[12]. The implementation of disruptive innovation technology has two modes:
requirement-driven and technology-driven. Requirement-driven originates from mar-
ket, and disruptive innovation strategies are formulated in the light of the demand of
new market. Technology-driven comes from the prediction of the technical status of the
target product.

Although scholars have done a lot of research on disruptive innovation, its appli-
cation still remains in the business model innovation in the field of management. Such
innovation often solves the problem of fuzzy front end, and its implementation and
verification are not clear enough [13]. In order to apply the process of disruptive
innovation to the field of technological innovation, this paper proposes a systematic
method of realizing disruptive innovation, which integrates disruptive technology as a
solution into the solution set of innovative problem solving, effectively achieving the
integration and application of multiple methods.
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2 Concept Definition

2.1 Disruptive Innovation Concept by Christensen

The concept of disruptive innovation was first formally put forward by Clayton
Christensen in his book The Innovator’s Dilemma: When New Technologies Cause
Great Firms to Fail and it has become a theory of technological innovation after the
continuous improvement of later research [14–16]. Disruptive innovation refers to the
introduction of products with lower performance than mainstream market products, but
with some characteristics that attract unimportant users or new users. And with the
development of these products, they can not only gradually gain a firm foothold in the
low-end market and new market, but also replace the finalized products in the main-
stream market. Companies that own these products, namely emerging enterprises, will
replace incumbents, which means that disruptive innovation is completed. In terms of
product technology evolution, the definition of disruptive innovation is summarized as
follows: Disruptive innovation is a branch taking place on the route of product tech-
nology evolution, which occurs in the mature period of product life cycle, and the
formation of this evolutionary branch make products have the ability to attract low-end
users and new market users so that disruptive innovative products quickly form market
scale and make a profit. It should be noted that although the performance of disruptive
innovative products is poor in the introduction stage, it is generally cheaper, simpler,
smaller, and more convenient to use. It is some of these features that enable them to
compete with finalized products in the mainstream market. The disruptive innovation
model and sustaining innovation model proposed by Christensen are shown in Fig. 1:

Fig. 1. Disruptive innovation model by Christensen
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2.2 Concept of DI Based on Technological Evolution

In order to adapt to the living environment, biological systems are constantly mutating
and evolving, and the driving force of their evolution is the surrounding environment,
that is, the so-called survival of the fittest. Similar to the process of biological evolu-
tion, products are constantly evolving [17] to adapt to market changes, and the market
is driven by demand. In other words, product evolution is the result of adapting to
current and future needs, and demand is the driving force of product evolution. Future
demand promotes the evolution of current products, transforming their functions from
the current state to the future state. To meet the constantly changing needs of the
market and consumers, companies have designed ever-changing products. These
products, similar to biological individuals, have genetic information that determines
their structure, identity, and function, and have evolved from generation to generation.
However, in order to capture the market in the future, it is not enough for enterprises to
compete passively with their competitors, but to continuously develop the new market
space with huge demand and realize the strategic action of “value innovation” [18, 19].
This process is consistent with the concept of disruptive innovation proposed by
Christensen. Therefore, we have redefined disruptive innovation in the field of tech-
nological evolution, aiming to improve the effectiveness of innovation, break away
from the passive inherent evolutionary route, and make technological prediction of
disruptive technology.

It is generally considered that innovation is divided into three categories: Incre-
mental Innovation (II), Radical Innovation (RI), and Disruptive Innovation (DI). The
evolution process of product technology is usually represented by a series of head-tail
S-curves. It includes many evolutionary branches, and different branches of techno-
logical evolution determine the classification of innovation [20]. As shown in Fig. 2,
the innovation process occurring on the same S curve segment usually involves solving
local conflicts and improving performance, and has a fixed path of evolution [21]. This
process is called Incremental Innovation, such as the technological innovation that
happens from B to C in Fig. 2. During the exit state of the S-curve, the re-sources for
improving the prior art have been exhausted, the technical performance has reached the
limit, however, the market requirements cannot be met. At this time, new alternative
technologies must be developed to achieve a breakthrough in technical performance
and principles. This innovative process is called Radical Innovation [22], which is
characterized by the end of one S-curve connected to the head of next adjacent S-curve,
as shown in Fig. 2 (from C to D). Disruptive Innovation takes place in the mature
period of the S-curve, and there are two types. One is the short-term retrogression of
technological evolution, such as the technological innovation in the evolution process
from B to A in Fig. 2. The other technological innovation is shown as a jump between
different S curves during the mature state (from B to E in Fig. 2). The former is called
Low-end Disruptive Innovation, while the latter is called New market Disruptive
Innovation.
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3 Systematic Methodology

3.1 Problem Definition

The systematic product innovation process includes five stages: Fuzzy Front End
(FFE), New Product Development (NPD), Conceptual Design, Detailed Design, Pro-
duction Process and Commercialization, as shown in Fig. 3. During the fuzzy front end
stage, various ideas should be generated based on market opportunities, and according
to enterprise capabilities, several ideas should be determined through evaluation, and
new product development projects should be launched on the basis of these ideas. After
the subsequent conceptual design, detailed design, production process design and
manufacturing, the ideas input in the previous stage are transformed into products and
exported to the commercialization stage. After the operation of the market, the products
are transformed into enterprise benefits in the commercialization stage, thus completing
the whole process of effective product innovation.

Innovation is a complex process that needs to constantly solve the problems that
arise at each stage. During the fuzzy front end stage, it is mainly about how to generate
innovative ideas and how to make a choice from these ideas. In the product devel-
opment phase, it mainly involves how to turn selected innovation ideas into real
products and the problems at different stages of development are different. In the
commercialization stage, it is mainly a question of how to carry out the commercial-
ization operation so that the product can produce benefits. In the process of product
innovation, technological innovation is mainly reflected in the stage of fuzzy front end
and new product development, which realizes product innovation by constantly dis-
covering and creatively solving the technical problems. With regard to the obstacles
encountered in the stage of commercialization, on the one hand, it can be solved by

Fig. 2. Innovations in the process of technological evolution
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management innovation methods, and at the same time, the technological environment
of the society can be utilized to create more market-oriented approaches.

The disruptive innovation problem solved by Christensen is mainly concentrated in
the fifth stage mentioned above, namely the commercialization stage. For the sys-
tematic innovation problem, it exists in the whole life cycle of the product, so the
problems that arise in the remaining four stages also have the disruptive innovation
solutions.

3.2 DI Process for Fuzzy Front End

In a market environment full of risks and fierce competition, it is difficult for emerging
enterprises to enter a mature market because incumbents already occupy a large amount
of resources [23], such as technology, patents, markets, people and so on. For them,
traditional incremental innovation cannot compete with incumbent enterprises, while
radical innovation must solve the technical bottleneck problem of upgrading mature
products in the industry, and emerging enterprises generally do not have this ability.
For emerging enterprises, disruptive innovation is an effective method. Only through
disruptive innovation can they enter the market in the initial stage and change their
passive position in the competition, which often occurs in the fuzzy front end stage of
product development.

As shown in Fig. 4, it is a disruptive technology implementation process for the
fuzzy front-end stage based on the analysis of technological system evolution.

Fig. 3. The innovation process of products development
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First, according to the product structure of the enterprise, the innovation object is
selected, and the technical maturity analysis of the innovation object is carried out. In
the mature stage, products are facing fierce market competition. The performance
improvement brought by incremental innovation is not obvious, and the cost perfor-
mance is not high, but the implementation effect of disruptive innovation is pretty
good. Therefore, products that are in mature period are preferred for disruptive
innovation.

Second, the target product is decomposed into a number of technical systems.
Similar to the functional structure of the product, the technical system that constitutes
the product consists of subsystems at all levels. Each subsystem has a complete system
structure, which can be analyzed as a complete technical system, resulting in multiple
technical subsystems.

Third, demand evolution analysis is carried out. Aiming at a specific new market,
the law of demand evolution is selected and used to determine the evolutionary
direction of related technical subsystem functions. According to the principle of
demand evolution and the designer’s experience, the potential demand is predicted, and
then the possible additional auxiliary functions are determined. Through market survey,

Fig. 4. Innovation process for the fuzzy front-end stage
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the market demand of adding auxiliary function is investigated to prepare for the
subsequent evolution analysis of the technical subsystem.

Fourth, carry out the evolutionary analysis of technical subsystem. By comparing
the existing functional state of each technical subsystem with the result state of demand
evolution analysis, the evolutionary state diagram of the technical subsystem is drawn.
According to user demand, if the technology subsystem is in the over-satisfied need
state (ONS), Low-end Disruptive innovation can be achieved by reducing excessive
performance. If current or future new market user needs are in the dis-satisfied need
state (DNS), the New market Disruptive Innovation strategy can be implemented.

Fifth, evaluate the design results. Evaluate the results of innovative design, mainly
to assess whether it brings new technical conflicts, whether it causes the increase of
costs, and whether it meets the market demand. After the evaluation, the product can
enter the detailed design stage.

3.3 DI Process for Design Process

Target of innovation is effective innovation. There exists many problems to be solved
in the process of product design, so what is the target for solving these problems?
Perhaps you will answer: The target is to improve the performance of the product, but
for the enterprise, making profits is seen as the most important goal. If a product with
excellent performance cannot bring benefits to the enterprise (because of high cost,
complicated operation, high energy consumption, etc.), this product will be declared a
failure. From the angle of innovation, this innovation is ineffective. In conclusion, in
the process of product design, the target of solving the problem is to achieve effective
innovation, that is to say, to bring expected benefits to enterprises.

Search technology opportunities based on effective innovation. The goal of the
sustaining innovation process is to improve the performance of the product. The
process of solving the problem is illustrated in Fig. 5. Define the problem first, then
establish the function model [24, 25] and carry out the root cause analysis. Determine
the available resources of the system through resource analysis, and finally solve the
problem by using the tool of TRIZ. But in the mature period of product evolution, the
market competition is fierce, the available resources are scarce, and the improvement of
performance often faces a large number of conflict problems that are difficult to resolve.
In this case, effective innovation can be achieved by adopting a compromise method to
eliminate conflicts and modifying the supersystem to meet user needs.

Function analysis for disruptive innovation: Complex user requirements are often
achieved by a number of interrelated functions. In order to facilitate the search for a
principle scheme that satisfies the total function of the product, or to make the solution
of the problem simple and convenient, the total function is usually decomposed into
sub-functions with relatively low complexity, and sub-functions are decomposed into
next level sub-functions until they are decomposed into function units. The decom-
position process is called functional decomposition. The total function of the product
refers to the total relationship between input and output of the product or system to be
designed. The entity that inputs and outputs is called a flow. After a high level of
abstraction, the flow is divided into matter flow, energy flow, and information flow.
The sub-function is a part of the total function, and its relationship with the total
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function is controlled by the constraint or the relationship between input and output.
Function unit is the abstraction of existing components and processes. The substance-
field model expresses the functions of two components through field interaction. The
technical system is composed of different components interconnecting and interacting
with each other. Every two interacting components can construct a substance-field
model and all elements of the system form a complex material-field model system
through field connections. And then the function model of the system can be estab-
lished by expressing the “field” with “action”.

Any product can be represented by a function model. There are many problems
encountered in the process of product design and improved design, and the process of
solving these problems is the process of innovation. In the expression of a function
model, there are products, components, supersystems, and the relationship between
them. For example, as illustrated in Fig. 6, there is a problematic product that requires
technological innovation to correct the insufficient effect a6 and harmful effect a11 (see
Unit1). Under the guidance of the principle of TRIZ, such as conflict theory, standard
solutions of substance-field, trimming, technological evolution and so on, components
2, 3, 5 have been changed, eliminating the insufficient effect a6 and harmful effect a11
(see Unit2). However, the above process of solving problems is a typical sustaining
innovation process, the purpose of which is to improve the performance of the system,
and changes to products and supersystems are not allowed. By changing products and
supersystems, it is often possible to reduce the difficulty of solving problems and
achieve disruptive innovation. As show in Fig. 6, low end disruptive innovation can be
achieved by changing the product, and new market disruptive innovation can be
realized by changing the supersystem (see Unit3).

Fig. 5. Systemic innovation process of product
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The process method is as follows:

First, describe the problem to be solved and clarify that the ultimate target of
solving this problem is to achieve an effective innovation of the product.

Second, establish the system function model, which is composed of compo-
nents, supersystems, products, and the interactions between them. Current system
problems can be expressed as harmful or insufficient effects between components,
between components and supersystems, and between components and products.

Third, after the root cause analysis (RCA), TRIZ tool is used to solve the
problem of function model. If the solution process is not so complicated, multiple
solutions can be obtained according to the steps of sustaining innovation.

Fourth, try to change the supersystem and adjust the corresponding components
until the harmful and insufficient effects between the components are eliminated for
obtaining a new solution and the corresponding disruptive innovation is formed.

4 Case Study

4.1 Canon Copier

In 1976, Canon avoided the fierce competition in the Red Ocean market of large
duplicators and entered the small duplicator market which everyone ignored and looked
down upon. As a result, it created an amazing business myth in this Blue Ocean market,

Fig. 6. Innovation process based on function model analysis
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with almost no obstacles. From 1976 to 1981, Xerox’s market share in the photocopier
market plummeted from 82% to 35%. Although it took Xerox more than a decade to
deal with the threat of Canon’s entry into home offices and small businesses, it was too
late to shake Canon’s leading position in the market. In this process, Canon adopted
disruptive technology.

The function of a copier is to copy the original into multiple copies. The principle is
as follows: Light shining on the item to be copied is reflected by the lens onto a
photosensitive (selenium-coated) drum to form an image. The selenium drum’s surface
charge varies with the light and dark areas of the image. The toner drum delivers tiny
black particles (toner) to the dark, charged areas of the image. The toner-based image is
then transferred to the paper rolled onto the drum, the negatively charged toner particles
being attracted by a positive charge under the sheet, and the paper is heated to fix the
toner. The copy paper itself originally provided the treated surface, but the innovation
of the selenium-coated drum made it possible to use the ordinary paper. Light pro-
jection permits the printed image to be enlarged or reduced by any desired percentage.

The function model of the Ricoh copier is shown in Fig. 7. The problem with
current system is that it is necessary to further expand the market and improve the
competitiveness of products. The main parameters of the copier are: copy speed, copy
format and copy definition. In order to achieve this goal, it is necessary to modify each
function unit to solve a large number of conflict problems. There are many difficult
function units, which make the solution of the problem quite complex in this process.
A compromise approach can be adopted to modify the supersystem and products so
that problems can be solved and a disruptive innovation opportunity arises. The fol-
lowing steps are adopted:

(1) Problem Description: New enterprises are supposed to develop a high-
performance photocopier to form effective innovation if they are willing to
enter the existing photocopier market.

(2) The copier’s function model is established, as shown in Fig. 7. In order to
improve the performance of the copier, it is important to increase the copying
speed, increase the copy size, and improve the clarity of the copy. Since the
product is monopolized by the existing leading enterprises and the available
resources are scarce, it is extremely difficult to solve the corresponding function
model, which means that there is no way to form an effective solution of sus-
taining innovation.

(3) Change the user which belongs to the supersystem. The former user is a pro-
fessional operator for large and medium-sized enterprises, while the current user is
transformed into a domestic user and a small company user. The problem of
insufficient copy size can be solved, and the requirements of simple operation is
put forward. Change the product to reduce the size of the paper to be copied. The
above measures solve the problem of current performance improvement.

(4) The resulting disruptive technology products are: a small, lightweight, inexpen-
sive, and easy-to-operate copier for domestic users and small company users.
Compared with mainstream engineering copiers in the market, it has low speed,
small format, and low definition requirements.
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4.2 Child’s Phone

The functional model of smartphones is shown in Fig. 8. The existing problem of the
current system is that the emerging enterprises want to enter the mobile phone market,
but they are weak in technology and lack of funds. Therefore, there are a lot of difficult
function units in the function model of the system. In the process of solving these
difficult function units using traditional TRIZ theory, due to the lack of resources, the
solving process can not be completed and effective innovation can not be achieved.
Disruptive innovation methods can be used to change the supersystem and products of
the system, so that problems can be solved and opportunities for disruptive innovation
emerge. The following steps are adopted:

(1) Problem Description: New enterprises need to develop a new mobile phone to
enter the existing mobile phone market.

(2) Establish the function model of mobile phone, as shown in Fig. 8. If we design
according to the idea of improving the performance of mainstream products, we
need to improve the performance of most of the key components. Because of the
lack of resources in emerging enterprises, it will lead to the increase of costs and
can not achieve effective sustaining innovation.

(3) Change the user which belongs to the supersystem. The original user is aimed at
the adult user market. By turning users into children, the problems of insufficient
performance and high cost can be solved. Meanwhile, the requirements of simple
operation, protecting eyesight and preventing addiction to games are put forward.
Change the product. Replace the mainstream high-resolution touch screen with
low-resolution small screen with a few function keys, and remove the photo
function.

Fig. 7. Innovation process of copier
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(4) The ultimate disruptive technology is: a special mobile phone with simple func-
tion, easy operation, low cost and no entertainment function for children users. On
the basis of guaranteeing basic communication functions, compared with mobile
phones in the mainstream market, children’s mobile phone has low cost, simple
structure and low performance requirements. It avoids fierce competition with the
mainstream market of mobile phone and opens up the Blue Ocean market.

5 Conclusion

In this study, disruptive technology is introduced into the process of product tech-
nology innovation, which enlarges the application scope of this technology. It is not
only applied to the business model innovation in the field of management, but also used
in the field of technology innovation, which is a complement to the traditional inno-
vation methods. It is reflected in the following points:

(1) In the process of solving problems with TRIZ, if the resources are insufficient, it
will make it extremely difficult to solve the problem, and sometimes the problem
cannot be solved. The application of this method can effectively solve the problem
of insufficient innovation resources, and introduces a large amount of available
resources through changes to the supersystem.

(2) The problem of solving difficult function units is solved by disruptive innovation
technology. Difficult function unit is a great obstacle to solve problems by using
TRIZ. The application of this method changes the attributes of difficult function
units by changing supersystems and products, so that they are no longer obstacles
to innovation.

Fig. 8. Innovation process of Child’s phone
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(3) The usual process of sustaining technological innovation is dedicated to solving
the problems in technical systems by eliminating the insufficient and harmful
effects of the system with TRIZ tools. Changes to supersystems and products are
not allowed in this process. The method proposed in this study allows modifi-
cation of supersystems and products based on the target of effective innovation.
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Abstract. Increasing complexity and global competition are forcing product
development to develop faster products that are marketable and innovative.
Thereby, key issues are increasing product functionality and user-friendliness.
The significant engineering contradiction is: How can user-friendliness of the
products be optimized for the customer without adversely affecting the func-
tionality of the product? This requires a systematic consideration of the inter-
actions between the customer and the product as well as the effects and
interactions of the functions within a product. TRIZ provides a variety of
methods to analyze and solve problems, incl. resolving of engineering contra-
dictions. In addition, an interdisciplinary and transparent model can be created
with Model-Based Systems Engineering (MBSE) to improve product
understanding.
The scope of this research is to combine the potential of MBSE with TRIZ in

order to generate an optimal approach regarding implementation and networking
from TRIZ function models in to a MBSE overall model. Based on the MBSE
overall model both usability and system functionality (especially harmful
function) should be considered.

Keywords: TRIZ � Model-Based Systems Engineering (MBSE) � System
model � Vacuum cleaner � Engineering contradiction � Function analysis �
Function model

1 Introduction

In product development it is important not only to focus on its functionality or primary
useful function(s) (PNF) according to TRIZ, but also to deal with the context of
application and handling to improve the ergonomy and usability of products. Due to the
technological development the complexity of products is increasing significantly.
Usability is a topic of many scientific researches and practical efforts. Especially TRIZ
has powerful tools for analysis and understanding of development problems. Also very
complex problems can be handled with both classic and advanced TRIZ tools. A fur-
ther alternative solution in product development is provided by the MBSE. Because
only when the product is understood as a model, the complexity can be made tangible
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and manageable [1]. Based on the principles of the MBSE, interactions and depen-
dencies between different functions and components within a system can be displayed
transparently. Furthermore, it is theoretically possible to model several (sub) models
(e.g. function models) from TRIZ in an overall model or a super system that can serve
as the basis for a common understanding within a multidisciplinary team. Conse-
quently, MBSE is very suitable as a supplement for TRIZ. The goal of this research is
to combine the potential of MBSE with TRIZ in order to generate an optimal approach
regarding implementation and networking from TRIZ function models into a MBSE
overall model. Based on the MBSE overall model both usability and system func-
tionality (especially harmful functions) should be taking into account. In order to
explain how the approach was developed, in Sect. 2 selected methods and tools of
TRIZ will be presented. Section 3 gives a short introduction to MBSE. This is to better
understand the approaches presented in Sect. 4 for the combinations of TRIZ and
MBSE. The new approach is presented using the vacuum cleaner as an example.
Finally, the results in the last section are discussed and an outlook on the further
research work is given.

2 TRIZ Methods

2.1 Problem Analysis with Classical TRIZ

Classic TRIZ includes the methods for clarifying the task, determining the functions
and abstraction of the problem as well as finding a solution with various tools [2].

Function modeling is used to analyze the functioning of a technical system. It
defines a target component (from the Super System) that is served with the primary
useful function of a technical system [3]. The problem analysis focuses only on this
target component. In the problem analysis for consumer goods, the authors have dis-
covered a special feature. A an engineering system addresses two target components
from the Super System:

1. An item treated by the given system (main function of the system).
2. The human, who uses the given system (customer experience).

As a case study, the vacuum cleaner was taken. Formulation of the primary useful
functions, which occur at the same time, is shown in Fig. 1.

Fig. 1. Target components for vacuum cleaners as a technical system
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In this illustration, the vacuum cleaner is mapped as a component with all sub-
systems. Details on the case study, including subsystem components as well as useful
and harmful functions follow in Sect. 4.

In the interaction between vacuum cleaner and dirt, dirt exerts a harmful function
on the vacuum cleaner. But the function “removes” is not affected. Harmful effects of
the function “pollutes” appear in the other function model by the interaction between
human and vacuum cleaner (preparation, vacuuming, and emptying/cleaning). There-
fore, the dirt increases the operating effort. Though the vacuum cleaner supports the
human in various ways. For example ergonomically (the person does not have to bend
down), health-wise (no inhalation of dirt) and saves time (little effort). In the example
shown, two function models are to be constructed, whereby some functions from one
model influence the functions of the other model. Due to the fact that the use of the
vacuum cleaner by humans displays a process with three phases, as described above,
the TRIZ Function-Analysis for processes [4] is relevant for the case study.

The process steps are also called use case processes. Use case is defined as the
description of an intended (or existing) use process that describes the user’s handling of
the system [5].

Also, in the process analysis for the case of the vacuum cleaner two target com-
ponents are relevant: dirt and human. This results in two different processes:

1. The use case processes of dirt handling (remove from the ground, suck in, catch in
the filter system, etc.)

2. The use case processes of handling the device by a human (add filter medium,
assemble, operate and clean the device).

The following difficulties have come with the problem analysis by means of the
described tools of the classical TRIZ:

1. Simultaneous addressing of two target components. These two target components
appear in two different functional models. The problems of individual models are
interlinked with other models.

2. A special challenge for the functional analysis is to identify the customer experience
(soft and emotional factors).

The tools of the classic TRIZ were used in the project (case example vacuum
cleaner). The core problems (engineering contradictions), however, could not be
identified due to the problem complexity. Therefore, further research was done in order
to analyse further development of the TRIZ methodology. The results of this analysis
will be described in the next section.

2.2 Further Research for TRIZ-Based Problem Analysis

As described in Sect. 2.1, applications of the tools of the classical TRIZ in analyzing
the problems with the focus in the field of customer experience encounter several
difficulties. In science and practice through further development of the TRIZ
methodology (so-called Advanced TRIZ), various tools have emerged for the analysis
of complex questions. This section discusses their relevance. After the research and
pre-selection, the authors considered the following tools from Advanced TRIZ:
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1. OTSM-TRIZ (Russian acronym for General Theory of Powerful Thinking)
2. IDM (Inventive Design Method)
3. FA+ (Function Analysis Plus)
4. Cause Effect Chain Analysis (CECA)

As summarized by [6], OTSM consists of the following elements: problem tech-
nology, partial solution technology, contradiction technology, and problem flow
technology. Based on these four elements, a network of problems is developed, which
is used to describe the actual state. The graphical representation of problems and partial
solutions help to identify the main engineering contradictions. The strength of OTSM is
the simultaneous consideration of problems and solutions as well as building the
causalities between individual elements in the network of problems.

IDM Methodology [7] has further deepened and automated the treatment of
problem networks. The problem analysis with IDM creates a problem graph. Through
structured syntax and algorithmic evaluation of existing relationships, it is possible to
automatically extract the contradictions from the problem graph. The methodology also
takes up a search for solutions. Thus, the tracing of the contradictions eliminated by a
solution is possible. Also, change from a problem graph is representative (transition of
a model of problem into the model of solution).

FA+ is another method in consideration of existing research. In the work of Lee [8],
the TRIZ function modeling is combined with the Inventive Standards and Cause-
Effect Chain Analysis. The objective here was the synthesis of a practical and sys-
tematic method for simplifying the search for solutions. FA+ uses classic functional
modeling with the help of innovative standards to detect causalities and temporal
relation between individual components and functions. The advantage of this method is
a combination of problem models (functional analysis) and solution models (innovative
standards) in one presentation.

Cause Effect Chain Analysis (CECA) is another TRIZ-tool for problem analysis. It
would be also possible to visualize the dirt handling and the process of device handling
with the help of CECA. But CECA treats only disadvantages or negative effects of the
system as nodes [3]. So modelling with CECA would bring the same disadvantages as
a function model. Furthermore CECA deals with negative effects of useful functions
only. That’s why the authors didn’t use CECA in the project.

The four described approaches from Advanced TRIZ have the following features
compared to classic tools:

1. A higher degree of abstraction in problem formulation.
2. Consideration of possible solutions already in the problem description.
3. Systematic detection of contradictions (or standard solutions).
4. A visualization that allows detection of one or more critical problems. At the same

time, the problems are also prioritized.

This state of research has given important directions for problem analysis in cus-
tomer experience. These are, among other things, consideration of all problems of the
technical system in one model, search for algorithms and automated problem analysis,
and quick integration of the solution search in a model. Nevertheless, based on the
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findings from classical and advanced TRIZ in relation to the scope of this paper
following issues still remain unanswered:

1. How interact two or more target components from two or more function models
(problem model) with each other? In the case of customer experience, this is at least
one target component of the technical function (e.g., dirt, see Sect. 2.1) and the
human being, as a user of a technical system.

2. How use case processes can be taken into consideration in a same model? This
means that the relationships between components and functions happen in various
use case processes (e.g. one of the use case process of the vacuum cleaner is “dirt
suction”).

3. How contradictions between compontens, useful function and harmful function in a
same model with technical parameters (e.g., filter effect) can be taken into con-
sideration in a same model?

Those issues could be solved by a new approach based on TRIZ and MBSE.
Using MBSE a overall model can be created in order to map two or more target
components from two or more function models. Moreover, use case processes could
also be considered in the same model. And also contradictions between compontens,
useful functions and harmful functions could be shown. To meet these goals, MBSE
has been examined to detect its potential (Sect. 3). Finally, a new approach based on
TRIZ and MBSE has been developed and tested using a case study (Sect. 4).

3 Systems Engineering, Model-Based Systems Engineering
and Demand Compliant Design

To master the complexity of products it is helpful to understand the product as a
system. This can be done on the basis of a holistic and transdisciplinary model
according to the basic principles of MBSE [1]. In addition a system model forms the
basis for a common understanding of system behavior within a multidisciplinary team
[1, 9]. The model enables a systematic identification of the dependencies between
different system elements (e.g., system component, target component, functions, etc.).

This systemic thinking from MBSE arose from Systems Engineering (SE), which
already has been used in the aerospace industry in the 1950s [10]. SE is defined as “an
interdisciplinary approach and should make the development of systems methodically
possible. SE focuses on a holistic and collaborative understanding of stakeholder
requirements, discovery of solution options and documentation of requirements as well
as synthesizing, verifying, validating, and developing of solutions. The whole problem
is considered from concept development to system development and the SE provides
suitable methods, processes and best practices for this” [11]. As an interdisciplinary
discipline, SE acts as a “link” between the different disciplines [12].

The model-based implementation of the SE is the MBSE. Through the MBSE, a
system model can be created. There are different modeling languages and approaches in
MBSE (e.g., SysML, Modelica or CONSENS), but for this work and due to the
positive experiences several years of project work from the Demand Compliant Design
(DeCoDe) approach is selected. DeCoDe is an approach for a standardized description
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to model technical systems under the principles of systematic thinking and acting [1].
Modeling with DeCoDe is matrix based i.e. data and information about the system is
recorded in a structured way and systematically reproduced. To analyze the system it
can be examined based on “classic views” of product development: Requirements,
Components, Functions and Processes. These views are linking goal-oriented by using
the DeCoDe Main matrix within the DeCoDe-Tool (see Fig. 2).

The complete linking of views makes a multidimensional view of the entire system
possible. This is realized by the so-called Multi-Domain Matrix (MDM). Basically, in
matrix-based modeling, there are three types of matrices:

• Domain Structure Matrix (DSM): describes the interlinking within a view (e.g.,
within the components-components matrix the components structure can be
described).

• Domain Mapping Matrix (DMM): describes the interlinking between two views
(e.g., the components-processes matrix describes the relationship between the
components and processes).

• Multi-Domain Matrix (MDM): describes a multi-dimensional view of the entire
system by mapping all views with their system elements and relations [13].

For the implementation of the DeCoDe approach, the complexity management
software Loomeo® is used. The software not only enables the presentation of the
DeCoDe data, but also the graphical visualization of the DeCoDe element types and
their relations (see Fig. 3). By focusing on an element and its relations, individual
cause-and-effect relationships can be discussed as part of workshops in the interdis-
ciplinary development team through various other elements related to the focused
element, as Fig. 3 shows.

Fig. 2. The Main matrix of DeCoDe with its 4 views [in compliance with 14]
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By selecting a system element and using the Loomeo® “Environment’s Focus”
feature can bee seen which elements are interacting with each other. For example, in
case of the failure of the selected element, it will be obvious via the corresponding
relations which components would be affected directly or indirectly. The relationships
and dependencies identified in this way are stored separately with a unique ID. This
information from the system model can be used specifically for different TRIZ methods
from the phases of problem analysis processes and problem-solving processes. The
knowledge transfer between MBSE and TRIZ methods is shown in the next section.

4 Investigation of Possibilities for Combinability
Between TRIZ Methods and Systems Engineering

The goal of this study is to combine the potential of MBSE with TRIZ in order to
generate an approach regarding implementation and networking from TRIZ function
models into overall model based on MBSE.

The chapter is divided into three subchapters, which together represent the new
approach for combination of TRIZ methods and MBSE (see Fig. 4). The first phase
contains the classic functional model according to TRIZ. In this phase, according to
TRIZ and to the methods presented in Sect. 2, the functional model is created. Building
on the first phase, the functional model according to TRIZ is extended by using the
tools and the procedure from MBSE, which were presented in Sect. 3. The third phase
contains an analysis and a targeted search for problems and causalities in the context of
the entire system model. By means of the focus function from Sect. 3 relationships and
dependencies of functions and components will be identified. Finally, the findings from
the analysis will be presented. The focus here is to show what concrete benefits the
MBSE approach has for TRIZ. The approach will be explained in more detail with by
showing the vacuum cleaner as application example.

Fig. 3. Exemplary visualization of the identification of cause-and-effect relationships for
individual elements through focusing by using Loomeo® function “Environment’s Fokus”
[Principle diagram].
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4.1 Modelling of Functional Model Based on TRIZ

THOMAS vacuum cleaners have special filtration technologies. Aqua-Fresh-Air-Box
uses water as a filtration medium. The advantages for target groups are the following:

(1) Humidification of dust and capture even fine particles inside the filtering unit. This
function is very important for allergic sufferers.

(2) Water can also bind smell, odors and formaldehyde. It is an advantage for
households with cats and dogs.

The technical function (filtering) does not have any problems. Far over 90% of all
dirt particles are catched within the Aqua-FreshAir-Box. Due to the fact that the
contaminated water cannot be kept for a long time, there is a need to wash out the dirt
after using of the vacuum cleaner. By collecting the information from different sources
(promoters, market research, online reviews) the project team identified the demand for
improving of customer experience with the filtration unit. It refers to the handling of
vacuum cleaner: preparation, vacuuming (collecting the dirt) and cleaning of the fil-
tration unit (Fig. 5).

As described in the Sect. 2.1, there are two targets components for the given
engineering system: dirt (technical function – filtering) and human (usability, handling,
etc.). Follow-ing steps were done with TRIZ, addressing the problem of customer
experience:

(1) innovation checklist,
(2) function analysis with dirt as a target component,

Fig. 5. Aqua-FreshAir-Box as a component form the vacuum cleaner system

Fig. 4. Approach for the combinability between TRIZ methods and SE
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(3) function analysis with human as a target component,
(4) flow analysis for materials: air, dirt (which can be differed from fine dust and

coarse dirt, incl. hairs).

Both function models (see Fig. 6), which are created according to classic TRIZ,
describing respectively filtering and handling, were complicated. There are 13 com-
ponents of the engineering system, having multiple useful and harmful functions.

As mentioned in the Sect. 2.1, several useful and harmful functions from one model
have influence at the another model. These models were shown as examples, an entire
presentation would be too unclear. In addition, the data is confidential and cannot be
published. Furthermore, these functions models serve as a basis for one overall model
which is created with MBSE.

4.2 Modelling of Overall Model Based on MBSE

The extended modelling begins with the transfer of the function model (see Fig. 6)
from Sect. 4.1 into the MBSE overall model. In addition to the functions and the
components, the usage processes are also integrated into the system model. The
meshing is template-based according to the principles and using the DeCoDe main
matrix, which were presented in Sect. 3. The graph below outlines a schematic rep-
resentation of the components hierarchy (as well as target components Human and
Dirt), the useful functions (as well as a harmful function) and the three processes
involving the components (see Fig. 7). Based on this graphical representation, the
overall system or the Super System to be analyzed can be viewed in a structured
manner. Furthermore, several functional models based on TRIZ can be transferred into
this one overall model, so that just a single model is available for multiple problem
analysis. The functions, whish are interlinked with the components, could be the same
but also similar.

Based on the extended model, the next phase will analyze the problem according to
the TRIZ principles.

Fig. 6. Exemplary visualization of both functional models (left – dirt as a target component,
right – human as a target component) [Principle diagram].
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4.3 Findings from the Overall Model

The analysis begins based on the TRIZ methodology, i.e. with the problem search or
problem definition [3]. For this purpose, the overall model from Sect. 4.2 is used as
well as the focus function for a specific search for possible problems and causalities
within the Super System. First the focus function was used for the target component
Human, then the focus will be put on the harmful function “Dirt deposition”.

Using the focus function and spatial separation provide a quick way to identify the
components that perform the harmful “Dirt deposition” function (see Fig. 8).

Fig. 7. Schematic representation of the extended model according to Systems Engineering with
useful functions, harmful functions, components, target components and use case processes
[Principle diagram].

Fig. 8. Correlation between the harmful function of “Dust deposition” and the components that
implement this function (e.g. Suction filter, Sloshing frame and Diffuser ribs)
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Thus, it was thus possible to identify that the components Suction filter, Sloshing
frame and Diffuser ribs and the target component “Dirt” are involved in this harmful
function. At the same time, it was found that the components “Diffuser ribs” and
“Sloshing frame” also realize the useful function of “Water slow down” (see Fig. 9).

In this way, the engineering contradiction could be identified. Furthermore, it has
been focused on the component “Suction filter” to find out which useful functions this
component implements in the model (see Fig. 10).

The figure shows that the Suction filter fulfills the useful function of “Dirt stop-
ping” as well as the harmful function of “Dirt deposition” simultaneously. In addition,
the “Suction filter” is involved in the “Dirt suction” process and is a sub-component of
the Aqua-Fresh-Air-Box (see Fig. 10). The involvement of the component “Suction
filter” in one useful function and one harmful function forms this engineering con-
tradiction in the model (parameter of suction filter is the size of the grid cell):

Fig. 9. The components Sloshing frame and the Diffuser ribs realize the useful function “Water
slow down”

Fig. 10. The component Suction filter realize the useful function “Dirt stopping” and at the same
time the harmful function “Dirt deposition”
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IF the suction filter has a big grid cell, THEN it does not deposit the dirt, BUT it
does not stop the dirt. The inverse engineering contradiction is: IF the suction filter has
a small grid cell, THEN it stops the dirt, BUT it deposits the dirt.

A physical contradiction here is: Grid cell must be big and small. Identification of
engineering and physical contradiction with classical function modelling (Sect. 4.1)
was not possible. The useful function “Dirt stopping” belongs to the model with dirt as
a target component (filtering). While the harmful function “Dirt deposition” appears at
the model with human as a target (usability). The identification of the two engineering
contradictions provides a good basis for a well-founded problem definition and the
continuation of the problem-solving process according to TRIZ. In the same way the
model described in the Sect. 4.2 enabled identification of further engineering
contradictions.

5 Conclusion and Outlook

The goal of this research paper was to combine the potential of MBSE with TRIZ in
order to generate an optimal approach regarding implementation and linking from
TRIZ function models in to a MBSE overall model. Furthermore, the overall model to
detect the impact between usability (use case processes) and the system functionality
(especially harmful function).

It can be shown that tools from MBSE are useful for the TRIZ analysis methods in
order to transparently depict relationships, dependencies, and causalities (see
Sect. 4.3). Using MBSE a overall model was created. The model allows an efficient
and quick search for problems (TRIZ problem-solving process) and formulation of both
engineering and physical contradictions. In addition, several target components and
functions are mapped in a transparent model. Also the hierarchic structure of functions
according to MBSE allows fast identification of components, having same or similar
functions.

However, this research is at the beginning and many more investigations remain
open. Further research is planned, such as the implementation of a quantitative eval-
uation by means of the software in the analysis, so the components and functions as
well as their relations can be weighted. Furthermore, it is necessary to investigate
whether a change in the procedure of the analysis, e.g. focus on the use case process
(useability) and not on the harmful functions, leads to different results. These aspects
could form an integral part of further research into the combinability between TRIZ
and SE.
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Abstract. Acquiring customer requirements (CRs) is important for enterprises
to compete in marketplace since inexhaustible innovation chances could be
discovered from CRs. However, it is insufficient to generate ideas for innovation
solely depending on the market-pull CRs acquisition method or technology-
driven CRs acquisition method. From the time dimension, these two traditional
methods put different emphasis on CRs: the market-pull method focusing on
digging CRs for design improvement from existing products while the
technology-driven method pays more attention on CRs that future products need
to satisfy sustainability in the market. This paper proposes a systematic approach
for CRs acquisition on the basis that CRs at different time period have different
impacts on innovation. The two traditional acquisition methods can be inte-
grated based on time iteration. Firstly, CRs are divided into past customer
requirements (PCRs), current customer requirements (CCRs) and future cus-
tomer requirements (FCRs) in time dimension. Secondly, we believe that PCRs
and their potential evolution information can be acquired by analysis of patents,
CCRs can be identified by making use of tools in the market-pull CRs acqui-
sition method, and FCRs can be predicted through evolutionary knowledge in
TRIZ. Finally, a case study is provided to validate the feasibility of the
approach.

Keywords: Customer requirements (CRs) acquisition � Time iteration �
Market-pull CRs acquisition method � Technology-driven CRs acquisition
method � Patent analysis � Evolutionary knowledge

1 Introduction

Defining and predicting customer requirements (CRs) is crucial in order to satisfy
customer needs and ensure supplier success for the present and future [1]. But neither
engineers in sales department nor engineers in R&D department have no systematic
approach to comprehensively and accurately discover, identify and predict CRs
throughout the whole time range, since sales department engineers always focus on
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capturing the voice of their current and future customers [2] and R&D department
engineers pay more attention on CRs that lied in existing products and future
technologies [3].

The method of using customers as the research source for CRs acquisition is
usually considered as the market-pull CRs acquisition method [3], and its research data
include the customer satisfaction, user experience, and users’ behavior in online data
systems. Customer satisfaction analysis [4] can describe CRs qualitatively to sort CRs
for importance as well as explain the ambiguity of them, but it cannot discover CRs
since CRs are inputs of this type of analytical method. The user experience analysis [5]
investigates the reliability, validity and sensitivity of standardized questionnaires,
sample sizes and usability problems to improve the accuracy of market-pull CRs
acquisition tools both from pre-acquisition and post-analysis. The analysis of users’
behavior in online data system focuses on collecting CRs efficiently under extreme data
condition [6]. Further, the importance of quick response to dynamic CRs has been
considered, Chong et al. [7] suggested using neural network techniques to capture new
CRs in the temporal space between the product conceptualization and market intro-
duction. Although the market-pull method takes a glimpse of the dynamics and
inducible property of CRs, it can only manage CRs that currently active. What’s more,
past states of CRs are missed leading to a lack of objectivity and continuity of needs,
and unexpected needs which would made the product a top shot in the market have not
been considered as well.

The method of using products as the research source for CRs acquisition is usually
considered as the technology-driven CRs acquisition method [3], and its research data
concentrate on products and patents. Cao et al. [8] demonstrated that CRs can be
obtained through the patent technical information analysis. He also presented the
innovation direction of a product in different development cycles based on laws of
needs evolution after sorting CRs of several mature products [9]. Zhang et al. [10]
proposed a CRs acquisition process model which integrates laws of needs evolution
with laws of the technology evolution in TRIZ to predict future CRs qualitatively from
both macro and micro levels. However, the technology-driven method does not have
continuous communication with customers in the CRs analysis model, resulting in a
decrease in the accuracy of the results. Ding [3] discussed that the integration of
market-pull and technology-driven model would be a main way to determine CRs.
More precisely, he proposed using market-pull methods to interact with customers
before the detail design whereas the proposed approach highlights roughness and did
not reveal the intrinsic mechanism of the combination of those two traditional methods.

In this article, a systematic CRs acquisition method is proposed based on time
iterations to acquire past customer requirements (PCRs), identify current customer
requirements (CCRs) and predict future customer requirements (FCRs). Comparison of
tools in the market-pull CRs acquisition method and technology-driven CRs acquisi-
tion method in time dimension is discussed in Sect. 2 along with the intrinsic mech-
anism of combining those two methods is stated. The approach for the CRs acquisition
based on time iteration is illustrated in Sect. 3 followed by introducing seven steps of
this approach. Hand installation pincers for operating the spring band hose clamps is
selected as an example to implement CRs reacquisition in Sect. 4, followed by the
conclusions in Sect. 5.
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2 Two Traditional Acquisition Methods in Time Dimension

Kano divided CRs into basic requirements, regulate requirements, attractive require-
ments, indifferent requirements and reverse requirements [11]. But it cannot help to
inspire as one partake in a creative action, although this classification method can
differentiate CRs as it is more of an analytical tool. For different characteristics of CRs
in different time dimension, we firstly make the following classification: CRs that have
been realized in the past of the product, CRs that customers currently request for
design, and CRs that future products need to satisfy in the market. They are briefly
referred as past customer requirements (PCRs), current customer requirements (CCRs),
and future customer requirements (FCRs). Therefore, tools of the market-pull method
and technology-driven method are analyzed according to the performance of obtaining
these three types of CRs.

Market-pull methods take customers as research subjects. Customers’ current
problems and feedback from the products on hand are the main research data [12].
Therefore, this type of methods can capture CCRs well. Moreover, as the potential
(unexpressed) needs of customers are continuously tapped, the ambiguity of CCRs will
continue to weaken, and research results will become more comprehensive and accu-
rate. However, CRs that have been well achieved and performed in past and existing
products are often easily be overlooked by customers during communication, which
means the depth and width of PCRs are inferior to those of the CCRs. Although, the
scope of research data sources of PCRs can expand to some extent with the help of
users’ online behavior analysis, PCRs obtained from the market-pull method remains
limited. For FCRs which can help facilitate innovation, the market-pull method is short
of inducible research data, and can only rely on the expert system to provide guidance,
so it is difficult to carry out more in-depth investigation.

Technology-driven methods take products as research subjects. Function is the
nature of survival of a product, thus CRs can be acquired through the function analysis
of existing products [3]. More precisely, the hierarchical function model and TRIZ
substance-field model, two of the most common used tools for the function analysis,
can help sort out relationships between PCRs and identify FCRs caused by non-
standard functions. Petrov [9] suggested that CRs can be implemented through known
and new functions, presented five laws of needs evolution to predict FCRs. Patent
library collects all solutions of every development cycle of a product, therefore analysis
of patents ratio analysis of products can obtain a wider range of PCRs [8]. In particular,
the development of the patent map technology can not only effectively deal with the
information displayed by documents of one patent, but also take groups of patents as a
system to explore its potential information. LESE (Laws of Engineering System
Evolution) developed by analysis of patents is one of the contributions that engineers
have proved useful to generate a requirements list [13]. However, technology-driven
method suffer a poor performance in acquiring CCRs compared to market-pull method.
First, the documents of a patent is publicized until 18 months from its filing date.
Therefore, new patents, also can be identified as new CRs, generated during this
temporal space cannot be included in their analysis model. Secondly, the continuous
communications with customers are missing in technology-driven method, its under-
standing of CCRs lacks credibility.
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In summary, the suggested tools in market-pull methods and technology-driven
methods are scored according to the performance in acquiring PCRs, identifying CCRs
and predicting FCRs (they are called functions in this paragraph). We used a five-tiered
scale to define a measurement logic. The value does not have a specific meaning, what
is important is the gap between the values. Firstly, identify the tools that perform best
for each function, giving a maximum of 5 points. For example, the ‘analysis of patent
technical information and patent mapping technology’ scored 5 points for acquiring
PCRs, the ‘laws of engineering system evolution’ scored 5 points for identifying CCRs
and the ‘mining potential needs of customers’ scored 5 points for predicting FCRs.
Secondly, compared the other 7 tools with the best performing tool for each function, a
five-level division of performance for the same function is obtained. At last, compared
the degree to which the three functions are implemented by the same tool to revise the
scores. For visualization, the scores are plotted in a radar chart. Axes on the right
correspond to four tools in market-pull methods, and axes on the left correspond to four
tools in market-pull methods. The radius indicates a performance score in Fig. 1. The
smaller the radius, the lower the score.

There are trade-offs for acquiring CRs both in the market-pull method and
technology-driven method. More precisely, analysis of patent technical information
and patent mapping technology performs the best in all tools in acquiring PCRs.
Mining potential needs of customers does the best in identifying CCRs. Laws of
engineering system evolution dose the best in predicting FCRs. Therefore, if a com-
bined approach is formed to exploit the positive characteristics of all the tools, the
comprehensiveness and accuracy of research results will be increased to lead successful
designs.

3 Customer Requirements Acquisition Based on Time
Iteration

All CRs as follow-up product design’s inputs can be divided into past customer
requirements (PCRs), current customer requirements (CCRs) and future customer
requirements (FCRs) through a time frame. Depending on different roles they play, we

Fig. 1. The performance scores on the radar chart.
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split PCRs into no longer exiting (or unneeded) ones and everlasting (until now) ones.
We define that CCRs are made up of everlasting ones and new generated ones, and
FCRs are the ones predicted by evolution knowledge for future products. Hence, CRs
are divided into four parts as shown in Fig. 2: ① PCRs that have ceased to exist; ②
CCRs that evolved from PCRs until now; ③ CCRs that newly generated; ④ and FCRs
predicted by evolutionary knowledge. The collection of CCRs and FCRs, shown on the
Fig. 2 as ②③④, constitutes CRs as follow-up product design’s inputs. The detail
approach for identifying each type of CRs are discussed as follow.

3.1 Acquisition of Past Customer Requirements

As one of the best tools to obtain PCRs, analysis of patent technical information and
patent mapping technology can not only acquire PCRs but also extending evolutionary
patterns of PCRs.

Leagans defined needs as the gap between the present situation or status quo and a
new or changed set of conditions assumed to be more desirable, so the gap between
effect of a patent and its technical background at that time can be seen as PCRs. After
rough reading patent’s ‘abstract’ and ‘summary’, sentences describe the effect of it can
be extracted, and by comparing ‘background of the invention’ with the way it achieves
its effect, the gap between the status quo and the desirable status can be determined.

Especially, PCRs are described with standard technical expressions, such as
‘[Direction of improvement], [Object of control], [Parameter]’, or ‘[Direction of
improvement], [Parameter]’. On one hand, patent maps, such as an effect matrix,
should be constructed under constraints of elements of specific expressions to analyze
potential evolution patterns of PCRs. On the other hand, specific expressions will be
exploited as inputs of interview’s questionnaires or field investigation’s preparation
files to prevent customers from expressing CRs in casual.

Mastering PCRs can help engineers fully conversant with products and understand
origins of CCRs more accurately. PCRs may become more and more important for
product design over time, or may no longer exist due to the development of technology
and policies. However, the current states of CRs must be determined through com-
municating with customers. Therefore, the next step will be focusing on customer data.

Fig. 2. A Classification of customer requirements in the time dimension.
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3.2 Identification of Current Customer Requirements

To identify CCRs means to find no longer existed PCRs, and PCRs that have evolved
into CCRs, and whether there are new CRs generated or not. In this paper, customer
interviews and field investigations are promoted simultaneously. Before carrying out
interviews, it is necessary to define the purpose of the research first.

First, needs of different customers for a same product may vary distinctly. There-
fore, differentiating different customers or groups of customers can help better hold
opportunities to make decisions made by stakeholders scientifically and commercially
[12]. Secondly, customer’s behavior in purchasing products is actually ‘hire’ products
to do specific ‘jobs’ [14]. Therefore, by abstracting higher levels of ‘jobs’, we can
formulate assumptions about CCRs more open to bring more opportunities. Third,
CCRs are generated due to constantly appealing for the product design improvement,
which is determined by product problems built by customers. All in all, [Type of
Customer], [Job], and [Question] constitute CCRs.

The identification of CCRs can be developed as follows. Firstly, product’s work-
flows or functions are extracted from previously acquired PCRs, then they are
abstracted as assumptions of [Job] of CCRs. Secondly, an expert team is built for
listing all the [Type of customer] (here, pay more attention to the unique attributes of
the customers, such as job scenarios, behavioral habits, etc.). [Question] customers may
encounter through doing a specific [Job]. Thirdly, [Type of customer], [Job], and
[Question] are arranged to build several hypotheses: ‘[Type of Customer] encountered
[Question] when executing [Job]’. Finally, customer interviews and field investigations
are conducted to validate and eliminate these hypotheses, as well as to reconstruct other
new hypotheses until no new elements are discovered and no hypothesis is denied. By
verifying the CCRs expressed in a hypothetical form, the objective can be achieved
during identifying CCRs [12].

To make products a top shot in the market, stakeholders often want their products
satisfy FCRs. However, FCRs cannot be expressed by customers. On the contrary, it
depends on the designer’s keen sense of market trends or through the technology-
driven power.

3.3 Prediction of Future Customer Requirements

Predicting FCRs in the market-pull method is usually based on experts’ subjective
experience. In 1986, Hippel suggested lead users’ present requirements will become
general in a marketplace in the future and gave detailed implementation for utilizing
lead users in marketing research [15]. However, this method is only clear to those with
technical expertise [16]. Since there is no stable basis for neither trend identification nor
lead user identification. In fact, to improve the accuracy of predictions, predicting FCRs
depends on objective criteria. In addition, the TRIZ-based prediction results based on
the objective LESE can provide a high accuracy.

The prediction of FCRs based on LESE can be developed as follows. Firstly, patents
are selected and read for solutions to problems of a product, and determine the tech-
nological evolution level of the product through analyzing the patterns of the time-
varying solutions in the patents. Secondly, the technological evolution law is determined
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for its application. Thirdly, one or several technological evolution routes are selected
using this law to predict future states of the product. Finally, the development cycle of
the product is identified followed by acquiring the effective future evolutionary states of
it, which are FCRs, using several innovative strategies suitable for this stage of the
product, such as applicable laws of development of needs.

The pre-verification of the problem identified before improving the accuracy of the
predictive process’s inputs, and the post-confirmation of innovative strategy can
improve the convergence of the predictive process’s outputs.

3.4 Workflow of Customer Requirements Acquisition Based on Time
Iteration

A complete workflow of the proposed approach is shown in Fig. 3, which consists of 7
steps as follows.

Step 1: Construct retrieval strategies of the patent research by information of
products such as business background and working principle followed by a preliminary
analysis of the patent technological information to set up the technology and effect
matrix for acquiring PCRs.

Step 2: Extract the [Job] of the product to be designed from PCRs.
Step 3: Build an expert team to formulate assumptions: [Type of customer]

encountered [problem] when executing [Job].
Step 4: Identify CCRs through customer interviews, field investigations and other

tools in market-pull methods. After customer requirements are obtained, so they
divided as CCRs that evolved from PCRs until now, CCRs that newly generated, and
PCRs that are no longer existed.

Step 5: Intensively read patents to analysis patterns of time-varying solutions for
predicting future states of the product.

Fig. 3. Workflow of CRs acquisition based on time iteration.
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Step 6: Predict the development cycle of the product to choose one or several
suitable innovative strategies for confirming FCRs to be implemented.

Step 7: Verify customer requirement inputs to carry out subsequent design
activities.

4 Case Study

The spring band hose clamp, stamped from 65Mn spring steel, is a preferred con-
nection standard part for connecting rubber hoses in cooling system vehicle power
system, i.e. engine, power battery, etc.). The pincers are used to press the clamp’s ears
of the outer ring to make the inner ring larger enough to wrap a hose. At present, the
most commonly used tools for operating the spring band hose clamps are hand
installation pincers, as shown in Fig. 4. To liberate the workforce, the handle trans-
mission part of such a hand tool is designed with a force-increasing mechanism, like a
spring shown in Fig. 4(b), or a locking mechanism, like a lock hook shown in Fig. 4
(c), as well as lengthen the force arms and shorten the resistance arms (Fig. 4(c)).
Moreover, to prevent the clamp from ejecting and accidentally injuring the operator,
the jaw is usually designed with a card slot (Fig. 4(b)). Nevertheless, they are still
laborious and inefficient in mass production, and it is still impossible to avoid personal
injury caused by improper operations or negligence of the operator.

Improved designs of such a product are based on CRs of ‘labor-saving’ and ‘safety’
acquired under the guidance of two traditional CRs acquisition methods, it is difficult to
trigger radical innovations of such a dedicated tool. The following section reanalyzed
the CRs of such a product using the approach proposed in this paper to facilitate the
acquisition process.

Step 1: Through a Patent Search andAnalysis Platform (https://www.zhihuiya.com/),
we download all the patents related to design for operating spring band hose clamps. Then
we analyze those patents’ technical information first and a patent efficacy analysis table is

Fig. 4. Three typical designs of hand installation pincers.
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established, as shown in Table 1. ‘Effect’ extracted from a patent is the PCRs it discloses.
All PCRs acquired from patents are listed in Table 2. In this case, we describe [Object of
control] as super-system, working unit, energy converter, energy source, control unit, and
action objects. When devoted to other products, the perspective and decomposition
degree of these parts should be determined according to the specific situation.

From the information in Table 1, we establish a metric about distribution of patents
at different times and different effects (Fig. 5) and another metric about distribution of
patents at different times and different system compositions (Fig. 6) for analyzing the
trends of PCRs. The larger the diameter of the pie, the greater the number of patents
filing for that year. As we can see from Fig. 5, ‘Labor-saving’ and ‘Safety’ were the
principal PCRs of pincers since 2011. ‘Suit for small working space’ was fascinated
until 2014 and it was gradually ignored and replaced by ‘Work-efficiency’ and ‘Multi-
functionality’ in 2015. New PCRs like ‘Anti-error’ and ‘Automation’ were emerged in
2015. According to Fig. 6, the working unit, the energy converter and energy source
are governing systems for designer to improve of pincers catering to the PCRs. In 2017,
the application of source of the action objects reached a new height, it is nevertheless
that the design and improvement ratio of the control unit, the action objects and the
super-system is smaller compared with other three items.

Table 1. List of patents and efficacy analysis results.

No. Pub. no. Filing
date

Effect Direction of
improvement

Object to
control

Parameter

1 CN202045610U 2011-
01-26

Labor-saving Enlarge Energy
source

Working force

Safety Eliminate Clamp Movement
Work
efficiency

Reduce Working
unit

Working time

2 CN205184158U 2015-
09-30

Labor-saving Enlarge Energy
source

Working force

Safety Enlarge Working
unit

Pre-force

Multi-
functionality

Improve Working
unit

Dimensional
flexibility

Anti-damage Increase Number of functions of control
unit

Mistake-proof Increase Number of functions of working
unit

3 CN206578769U 2017-
02-09

Safety Increase Working
unit

Force area

Labor-saving Increase Number of energy source
4 CN108312556A 2017-

12-25
Work
efficiency

Change Principal function of the product

Automation Increase Number of auxiliary function

5 … … … … … …
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Step 2: The ‘jobs’ of designs for operating spring band hose clamps can be
extracted from PCRs: “put pressure on ears of clamp in prior”, “positioning joint”,
“positioning hose”, “positioning clamp”, “operate clamps in high-volume”, “clamp
multiple types of clamps” and so on.

Step 3: Engineers, craftsmen, sales personnel, etc. are grouped to formulate the
assumptions of [Type of customer] and [Problem], respectively. Consequently,
assumptions of [Type of customer] include [Workers in pre-assembly line], [Workers
in assembly line], [maintenance personnel], etc.; Assumptions of [Problem] include

Table 2. PCRs extracting from effects of patents.

No. Past customer requirements (PCRs)

1 Labor-saving
2 Safety
3 Work efficiency
4 Multi-functionality
5 Anti-damage
6 Suit for small working place
7 Anti-error
8 Automation

Fig. 5. Distribution of patents at different times and different effects.
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[Clamp repeatedly lead to intensity of labor], [Too much courses lead to low effi-
ciency], etc.

Step 4: Proposal of a questionnaire for customer interviews and field investigations.
Eventually, we determine [Type of customer] as ‘Workers in pre-assembly line’ and
verify their problems as ‘Clamp repeatedly lead to labor intensity’, ‘Too much process
lead to low efficiency’ and ‘Poor consistency of clamping position’, which are clas-
sified into two groups as CCRs that evolved from PCRs until now and CCRs that
newly generated. The results are shown in Table 3.

Fig. 6. Distribution of patents at different times and different system compositions.

Table 3. CCRs of designs for operating spring band hose clamps.

Type of
customer

Job Problem Source

Workers in pre-
assembly line

Put pressure on ears
of clamp in prior

Clamp repeatedly lead
to labor intensity

CCRs that evolved
from PCRs until now

Positioning joint Too much process
lead to low efficiencyPositioning hose

Positioning clamp
Operate clamps in
high-volume

Poor consistency of
clamping position

CCRs that newly
generated
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Step 5: Read intensively the patents that focus on solving the problem of ‘Clamp
repeatedly lead to labor intensity’. Figure 7 illustrates the change in objects that
improved versus time: The cumulative number of patents for implementing working
unit improvements before 2013 has been higher than for other unit of the product; In
2015, the cumulative number of patents for energy converter system improvements has
surpassed other units; While at the same time, although the cumulative number of
patents for implementing energy source and control unit has increased continuously,
they are not significant enough to catch up with. It can be inferred that dealing with this
customer requirement, the technical evolutionary route roughly conforms to the ‘the
law of system completeness’. Specifically, we obtain two future evolutionary states of
the product from ‘the law of increasing information saturation of a system’: ‘Introduce
a more efficient energy source’ and ‘Increase energy supply control for energy source’.

Similarly, read intensively the patents that focusing on solving the problem of “Too
much process lead to low efficiency”, more future states can be obtained. The results
are listed in Table 4.

Sep 6: Calculate the technical growth rate (the ratio of invention patent applications
or authorizations in a certain technical field to the total number of invention patent
applications or authorizations in the technical field in the past 5 years [17]) to predict
the development cycle of designs for operating spring band hose clamps. As we can see
from Table 5, the technical growth rate was increasing from 11.1% in 2015 to 27.8% in
2016 to 28.6% in 2017, as well as the interpolation curve of cumulative number of
patents granted by years (Fig. 8), which devotes to predict the maturity of a product, we
predict that the development cycle of products for operating spring band hose clamps
has gradually moved from Infancy to Growth.

Fig. 7. Change in objects that improved to solve ‘Clamp repeatedly lead to labor intensity’
versus time.
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In the Growth stage, a large number of new functions, enhancement of performance
and brand effects should be the main innovative directions [8], reflected in the laws of
development of needs is the following three: First, integration. The pre-operation and
post-process are summed up and intensified. Second, specialization, i.e., specific
products should be targeted to specific people. Third, coordination. Coordination could
be dynamic, in particular, it can be also understood as intensification of the maximum
difference between CRs.

The above-mentioned future evolutionary states were matched with the laws of
development of needs, and according to the results in Table 6, ‘Connect hoses without
clamp’ and ‘Use expensive materials in necessary zones only’ should be deleted.

Step 7: Organize CCRs that are evolved from PCRs until now, CCRs that are newly
generated and FCRs that are predicted by evolutionary knowledge as effective CRs for
follow-up product design activities, as shown in Table 7.

Table 4. Future states predicting from evolutionary knowledge.

Problem Law of
technical
system

Technological
evolutionary
route

Future state

Clamp
repeatedly
lead to labor
intensity

The law of
system
completeness

Increasing
information
saturation of a
system

Introduce a more efficient energy
source
Increase energy supply control for
energy source

Too much
courses lead to
low efficiency

The law of
increase of the
degree of
ideality

Increase of a
number of
delivered
functions

Incorporate the previous or
subsequent courses into the
principal function
Adding more craft processes’
requirements to the principal
functions, such as cleaning the
pipeline, sealing the pipe, etc.

Elimination of
undesired
effects

Connect hoses without clamp

Reduction of
cost

Use expensive materials in
necessary zones only

Irregular
evolution of
system parts

Irregular
evolution of
system parts

Improve degree of idealization of
the previous or subsequent
courses
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Table 5. CCRs of designs for operating spring band hose clamps.

Filing date (Year) 2011 2012 2013 2014 2015 2016 2017

Filing number of patents 5 3 6 2 2 5 6
Technical growth rate \ \ \ \ 11.1% 27.8% 28.6%
Cumulative number of patents 5 8 14 16 18 23 29

Fig. 8. Cumulative number of patents for operating spring band hose clamps granted through
years.

Table 6. CCRs of designs for operating spring band hose clamps.

Future state Corresponding laws of devel-
opment of needs

Introduce a more efficient energy source. Coordination
Increase energy supply control for energy source. Dynamization
Incorporate the previous or subsequent courses into the 
principal function.

Idealization, Integration

Adding more craft processes’ requirements to the principal 
functions, such as cleaning the pipeline, sealing the pipe, 
etc.

Idealization, Specialization

Connect hoses without clamp. Idealization
Use expensive materials in necessary zones only. Idealization
Improve degree of idealization of the previous or subse-
quent courses.

Integration, Specialization,
Corodination
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5 Conclusions

The approach proposed in this paper integrated the market-pull CRs acquisition method
with technology-driven CRs acquisition method based on time iteration for providing
useful indications to support follow-up product design activities. More precisely, we
listed a total amount of eight tools that split into the market-pull and technology-driven
methods representing different performance of acquiring PCRs, identifying CCRs and
predicting FCRs.

As a result, we observed that the market-pull method performs better than the
technology-driven method in identifying CCRs, while the latter exceeds the former
both in acquiring PCRs and in predicting FCRs. We highlighted that the gap between
patents’ effect and technical background is PCRs; Patent maps are built based on the
PCRs display for the potential evolutionary information of PCRs; Expression elements
took the PCRs heritage exploited as inputs of interview’s questionnaires, or field
investigation’s preparation files would prevent customers from expressing CRs in
casual to improve the consistency between statements of CRs and representations of
engineering designs. Objective laws of the engineering system evolution have good
maneuverability for FCRs prediction. Moreover, the statement of the integration of two
traditional CRs acquisition methods is a more comprehensive. The accurate way to
capturing CRs is observed and confirmed.

With the rapid development of economic environment, companies are no longer
satisfied with incremental innovations. They need to generate radical innovations. This
proposed approach is especially suitable for conducting radical innovations. Since
incremental innovation features improvements in existing requirements, while radical
innovation emphasizes new markets, new users, new technology and long-term
development platforms. Due to the uncertainty of radical innovation and a passive role

Table 7. Customer requirements (CRs) of schemes for operating spring band hose clamps.

No. Customer requirements (CRs) Source

1 Solve the problem of “Clamp repeatedly lead to labor
intensity”

CCRs that evolved from
PCRs until now

2 Solve the problem of “Too much process lead to low
efficiency”

3 Solve the problem of “Poor consistency of clamping
position”

CCRs that newly generated

4 Introduce a more efficient energy source FCRs that predicted by
evolutionary knowledge5 Increase energy supply control for energy source

6 Incorporate the previous or subsequent courses into the
principal function

7 Add more craft processes’ requirements to the
principal functions, such as cleaning the pipeline,
sealing the pipe, etc.

8 Improve degree of idealization of the previous or
subsequent courses
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of users, companies will face severe challenges when they participate in the radical
innovation process based on customers. Because users might not be able to or not want
to contribute to indiscernible ideas. Thus, we might prefer to use technology-based
innovation processes and design-based innovation processes.

It should be noted that the prediction of FCRs in this paper only took into account
the chain-type evolutionary routes. In fact, CRs may be developed in a tree-shaped
evolutionary patterns. It is necessary to provide a more comprehensive description to
apply the proposed approach in the future.
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Abstract. Proper understanding of customers’ needs is of great importance in
developing strategy for a technical system development. Current description of
those needs is based on customers’ opinions and experience. This description
rarely resembles parameters of the system-to-be-developed that are changing in
time. The aim of this study was to develop a method for useful function iden-
tification that will take into account evolution of not only a technical system, but
also customers’ needs. This approach consists of problem identification in the
context of an expected outcome in order to identify customers’ needs in the form
of evaluation parameters. Those parameters are further analyzed to define
required functions of the system-to-be-developed by means of functional anal-
ysis. During the study, such TRIZ tools like Function Analysis and System
Operator were implemented to model useful functions and context of devel-
opment of technical system. Innovation Assessment methodology was applied
to assess obtained results of the study. Application of proposed method of
identification of useful functions during technical system development makes it
possible to create product development strategies that take into account evolving
needs of customers at early design stages. This allows reduction of R&D costs
and resources usage in the design process.

Keywords: TRIZ � Function analysis � Inventive engineering � Useful function

1 Introduction

Nowadays, design of inventions is not an easy task. According to TRIZ [1–4], ideality
of technical system is never declining throughout its evolution, what translates into
necessity of new functions being implemented to the system with simultaneous
reduction in harms and costs. On top of that, needs of customers evolve in time,
creating new perspectives for technical system development. People get used to
solutions that are available on the market, which makes products outdated. As shown in
[5], to maintain stable level of innovativeness of the products and/or processes, it is
necessary to maintain a specific share between attributes of attractiveness, linear quality
and must be within the system. This is especially difficult if one take into account
evolving needs of customers, which makes this share change. This creates an urgent
need to take into account migration of attributes, so that the system designed will
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maintain its high, stable level of innovativeness in response to those changes. To do
this, it is necessary to have knowledge on which functions of a technical system will be
attractive to customers in the future, which will be linearly related to customers’
satisfaction and which will represent basic requirements. One solution to that may be
the use of technology forecasting and roadmapping methods [6–12] to determine pri-
orities in research and to specify what the system to be forecasted will look like in the
future, but even if applied, technology roadmapping often do not result in positive
innovation performance outcomes [8, 13, 14]. This knowledge, even if obtained and
used with success, gives only an overview of both expected technical system traits and
customers’ needs, but there is very limited concern in assessment of innovativeness of
systems-to-be-designed with respect to those evolving needs. There are several
methods on how to measure innovativeness of products that were summarized in [5],
but there is lack of method that would take into account evolution of needs and changes
in useful functions. This paper proposes novel approach in design systems to-be in the
future taking into account evolving needs of customers. As a base for this work,
Innovation Assessment Method shown in [15, 16] was chosen and extended for the
scope of defined task.

2 Materials and Methods

The proposed method of identification of useful functions in the scope of technical
system development is based on forecasting future needs and taking them into con-
sideration at the stage of parameters selection for innovation assessment. In this work,
step-by-step approach was described how to determine useful functions of a technical
system, how to identify their evolution and how to take them into account during
innovation assessment method. In the later part of this work, proposed approach was
shown on real life example of underground mining bolting machine used in Copper
Mines in Poland. Proposed method consists of 3 steps as described on Fig. 1. For each
step, set of tools was proposed, based on [15, 17]. At first it is necessary to define and
formulate a problem that is being dealt with. This problem formulation includes, but is
not limited to functional modelling of the system that helps to fully understand the core
of the problem from the point of view of useful and harmful functions. Having
functions defined, the next step is to determine system parameters1 describing those
functions in a measurable way on a level of system, super-system and sub-system.
Those parameters are required to determine key parameters2 of the technical system,
which are parameters that describe useful functions of the analyzed system and rep-
resent add-ed value to the customer. In TRIZ, those parameters are often referred to as
MPV (Main Parameters of Value), which are parameters that create customer satis-
faction and play important role in customer purchase decision [18]. There are other
works in which authors identified MPVs of products to plan their development, which
involved application of fuzzy logic [19] and S-curve analysis [20]. The approach

1 System parameters- parameters describing functions of a technical system.
2 Key parameters- system parameters that represent value for customers.
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proposed by Malinin [19] makes it possible to identify development strategies based on
MPVs in a systematic way. There is however very limited description on how to
identify those parameters in a systematic way. Identification of MVPs proposed by Lok
[18, 20] concentrates on qualitative market research methods to identify MPV, which
do not form a scientific evidence and confidentiality in proper selection of those
parameters.

In this paper, authors present a novel approach to identify useful functions and their
key parameters in a systematic way through functional decomposition of a system. In
the following chapters, each step of the proposed approach is described and application
of this method is presented.

The first step in a proposed approach is to formulate the problem that limits
development of a specific product. According to TRIZ, technical systems evolve by
elimination of contradictions and thus increase of their ideality [4]. This problem can be
referred to as a main function being realized by a technical system. For example,
technical system being dedicated to transport and storage of compressed biogas has a

List of parameters used in Innov on Assessment Method

Inven ve Engineering: 
Func on modelling

Inven ve 
Engineering: 

Func on modelling

Inven ve 
Engineering: 

Hypotheses Analysis

P1= P2= P3= P4= .... Pn= 

Identification of key parameters of the system

KANO Ques onnaire FORMAT Empathy Map

Determination of system parameters

Modelling of 
contradic ons System Operator FORMAT

Problem formulation

Root Cause Analysis System Func on Analysis FMEA IDEF0

Fig. 1. Overview of the proposed method of identification of useful functions
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main outcome of <delivered biogas>, which is a result of a function <to transport>
[21]. Determination of a main outcome of a given system and its main function can be
determined using various tools like IDEF0, System Function Analysis or Root Cause
Analysis.

Having main function defined, it is important to identify parameters describing
effectiveness (performance) of the analyzed system. Those parameters describe its
behavior in respect to all the actions that are being realized by the system as a result of
interaction of system components with each other and with supersystem. For example,
biogas transportation system can be described by such parameters as storage pressure
[Pa] and volume [nm3], methane content [%] etc. Those parameters can be obtained
using several TRIZ tools, for example System Operator (9 boxes) or modelling of
contradictions or tools described in Inventive Engineering, such as function modelling
and hypotheses analysis [15].

Having those parameters described, it is necessary to identify those that contribute
to customers’ value. For this purpose, technology forecasting methods may be used in
order to identify Main Parameters of Value (MPV) and choose them for further analysis
in innovation assessment method. It is also possible to question customers on what is
important for them (Kano Questionnaire) or use an Empathy Map to identify cus-
tomers’ needs. Those parameters are being referred to as key parameters and are
subjected to innovation assessment in order to identify development strategy for a
given technical system [5].

3 Results: Case Study

Results of application of proposed approach are shown on an example of underground
roof bolting machines used in copper mines. Roof bolting process is a very dangerous
process in which free walls and ceiling of the mine face is being bolted with adjacent
layers of rock in order to minimize a risk of roof fall, which is one of the biggest threads
in underground mining both in Poland [22] and worldwide [23]. This process consists
of several steps which require both manual and automatic work of the machine,
operated by operator. The aim of this case study was to design a roof bolting machine
that will be innovative and will address customers’ needs in the most appropriate way
both in the short-term and long-term future. For this to be possible, it was necessary to
define key parameters of roof bolting machines that are today and those that will be
significant in the future.

3.1 Problem Formulation in Design of Bolting Machine

At first problem formulation step was performed in which the process of bolting was
described using IDEF0 function modelling [24] to name useful functions of the system.
This is shown on Figs. 2 and 3. This tool is very efficient in knowledge acquisition for
every analyzed system or process. The main outcome of the bolting machine is bolted
ceiling that protects operators and miners in harsh environment near the mine-face.
This area is one of the most dangerous areas in the mine, that is why ceiling in those
places has to be secured as soon as possible. This means, that efficiency of bolting is
directly related to efficiency of the entire copper extraction process.
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Based on functions defined in IDEF0, it was possible to define useful functions of
the system that were further used to evaluate measurable parameters of a roof bolting
machine.

3.2 Determination of System Parameters

Having functions of the system identified it is important to define parameters describing
those functions in quantitative way. This may be performed using many different tools,
but in this case study, tabular method based on definition of functions, their require-
ments and methods on how to satisfy those requirements was used. This method was
described on an example of thermal insulation materials in [16]. Results of this analysis
are presented on Fig. 4.

Fig. 2. IDEF0 of the roof bolting process, node A-0.

Fig. 3. IDEF0 of the roof bolting process, node A0.
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As it was shown on Fig. 2, there are 3 main functions that can be identified within
the process of roof bolting:

• drilling, in which hole in roof/wall is being prepared that is dedicated for mounting
of bolts. Usually, drilling is realized by drill rod with cutting rods using various
types of equipment, such as rotary drills, percussion drills and so forth. Some
methods involve also drilling with water (wash drilling) to eliminate loosened rock
from the hole as drilling progresses. Alternative method to this include Airmist and
Air spraying;

• injecting. In this operation, glue is being delivered to the drilled hole that will serve
as adhesive holding rocks together after bolting. There are several ways of injecting
glue into the hole, but the main result is the same. There are also important con-
siderations regarding positioning of glue gun in the axis of previously drilled hole,
which is very important for the process to be effective;

• bolting. This is the process in which actual bolt is being screwed into the drilled
hole, mixing injected glue and attaching to layers of rock in the roof or walls. There
are several types of bolts used, but for the purpose of this work only expandable
bolts were analyzed.

Each function above was described in terms of requirements, which are conditions that
have to be satisfied in order to deliver desired outcome, methods on how to satisfy
those conditions and parameters describing how effective those conditions are satisfied,
which translates directly to effectiveness of the realized function.

Similar outcome may be achieved using other tools, such as Hypotheses Analysis
that is part of Inventive Engineering [25], TRIZ Contradiction Modelling [17, 26] and
many others.

Parameters described on Fig. 4 are related to the system being analyzed. For the
analysis to be complete and to make it possible to identify key parameters of the roof
bolting machines, it is necessary to determine even more parameters that are related to
the customers needs. Because roof drilling machine being the scope of this work works
in underground copper mine, as a super-system, underground copper mine was
defined. Sub-system of the roof drilling machine is defined as bolts, drills and other
equipment used to make roof bolting operations.

System Operator of roof bolting system in underground copper mine is presented
on Fig. 5. Results presented on the Fig. 5 were obtained using technology forecasting
method FORMAT and are presented in the form of a single picture showing evolution
of a mine, bolting machines and bolting equipment.

From the point of view of a copper mine, the most important parameter that
resembles customers’ needs is extraction depth. Polish copper mines, in order to satisfy
slightly decreasing extraction rate need to explore ores that are deeper underground
[27]. This creates set of problems that have to be addressed in the nearest future. As it
was shown in [28], exploration of deeper ores means reduction in ore height, what has a
great impact on a roof drilling machines. The smaller the ore height, the lower machine
should be to be effectively operated in future mine. The significance of the problem is
additionally shown on Fig. 6 which shows share of ore extraction in biggest copper
mines in Poland, for every which ore height is shown [28]. It can be observed, that
there is a trend in increase rate of extraction of copper and silver ore from mines having
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low ore which means, that it is getting more and more important to design machines
capable of working in smaller working height. What is also important, the higher the
depth, the higher the temperature in the mine, making very harsh environment for the
operator to work in. This makes it necessary to limit amount of time the operator
spends outside of the machine.

Results of technology forecasting, combined with parameters describing technical
system, it is possible to define key parameters of the roof bolting machine.

Fig. 5. System Operator of roof bolting system
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3.3 Identification of Key Parameters of the System

Key parameters of the system are being extracted based on results of technology
forecasting method in the form of parameters describing super-system of a designed
system. It was shown, that the most important parameters describing future mine are:

• SS1: depth of copper and silver ore extrusion [m],
• SS2: height of the copper and silver ore, determining height of the front of the mine

[m],
• SS3: temperature in the mine [°C],
• SS4: Ore extraction [kt/year].

Those parameters are then verified, if they influence any of the parameters describing
the technical system. Results are shown in Table 1 which shows matrix of influence of
super-system parameters on system parameters. Those parameters of the system that are
being influenced by super-system parameters are called key parameters and represent
value added to customers and users of those machines.

Fig. 6. Share of copper extraction in polish mines and average height of ore in those mines.
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The table above summarizes, which parameters describing useful function of roof
bolting machine are related to customers’ satisfaction, thus being key parameters of the
designed system.

4 Discussion

As a result of conducted case study and developed method, it was possible to determine
key parameters that are responsible for customers’ satisfaction in the future based on
results of technology forecasting. Those parameters are summarized once again in
Table 1. It was shown in the case study, that for development of roof bolting machines
it is important to concentrate on aspects connected with working height of the machine,
because future working environment will be getting lower. This is a direct result of
necessity of extraction of copper ore from deeper levels in order to maintain nearly
stable extraction rate. This in turn means, that environmental conditions will be getting
more and more difficult for operators, which will require either minimizing of time
spent outside of the machine by operator or introduction automated machines in which
operator sits in air conditioned cabin, separated from harsh environment.

Key parameters at the super-system level Key parameters at the
system-level

SS1: Depth of ore extrusion [m],
SS2: Height of the copper and silver ore, determining height of
the front of the mine [m],
SS3: Temperature in the mine [°C],
SS4: Ore extraction [kt/year].

P1: Drilling time [min]
P2: (Glue) injection time
[min]
P3: Bolting time [min]
P4: Working height [min]

Key parameters describing a technical system being developed should be then
assigned attributes of attractiveness, linear quality or must be and further evaluated to
present innovativeness of specific technical solution, as shown in [5].

Table 1. Influence of parameters of super-system on system parameters

Drilling
time
[min]

Hole
diameter
[mm]

Hole
depth
[mm]

Hole
tolerance
[mm]

No. of
glue loads
[-]

Injection
time [m]

Position
acc.
[mm]

Torque
[Nm]

Bolting
time
[min]

Position
acc.
[mm]

Working
height [m]

SS1

SS2 X

SS3 Xa X Xa

SS4 X X X X

Key
parameter
P1

Key
parameter
P2

Key
parameter
P3

Key
parameter
P4

aTemperature in mine influences drilling time only if work is being done manually by the operator. If an operator is separated from harsh
environment, this is not important.
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5 Conclusions

In the article, method of identification of useful function in the scope of product
development was developed. In this method, key parameters of system to be designed
are determined based on results of technology forecasting and functional analysis of the
system. After this, dependence of parameters of super-system, sub-system and system
is defined, which makes it possible to identify key parameters representing customers’
needs. Proposed approach is not limited to technology forecasting and roadmapping,
but also makes it possible to assess innovativeness of the developed products based on
forecasted needs, reducing R&D costs and increasing probability for successful
implementation of a solution to the market. It is yet to be determined, how to verify if
the list of key parameters that was defined is complete. That will require further work in
case studies based on proposed approach and verification of its effectiveness on other
examples outside mining industry.

Acknowledgements. Research conducted by Marek Mysior was funded by the Ministry of
Science and Higher Education in Poland, grant number 0402/0072/18, dedicated to young
researchers.

References

1. Zlotin, B., Zusman, A.: Directed Evolution: Philosophy, Theory and Practice. Ideation
International Inc., Farmington Hills (2001)

2. Orloff, M.: Inventive thinking through TRIZ: a practical guide (2006). https://doi.org/10.
1007/978-3-540-33223-7

3. Altshuller, G.S.: The innovation algorithm: TRIZ, systematic innovation and technical
creativity (2007)

4. Altshuller, G.: And Suddenly the Inventor Appeared. Technical Innovation Center (2004).
https://doi.org/10.3324/haematol.2009.020586

5. Pryda, B., Mysior, M., Koziołek, S.: Method of innovation assessment of products and
processes in the initial design phase. In: Cavallucci, D., De Guio, R., Koziołek, S. (eds.) TFC
2018. IFIPAICT, vol. 541, pp. 75–83. Springer, Cham (2018). https://doi.org/10.1007/978-
3-030-02456-7_7

6. Abe, H., Ashiki, T., Suzuki, A., Jinno, F., Sakuma, H.: Integrating business modeling and
roadmapping methods - the Innovation Support Technology (IST) approach. Technol.
Forecast. Soc. Change (2009). https://doi.org/10.1016/j.techfore.2008.03.027

7. Daim, T.U., Oliver, T.: Implementing technology roadmap process in the energy services
sector: a case study of a government agency. Technol. Forecast. Soc. Change (2008). https://
doi.org/10.1016/j.techfore.2007.04.006

8. Carvalho, M.M., Fleury, A., Lopes, A.P.: An overview of the literature on technology
roadmapping (TRM): Contributions and trends. Technol. Forecast. Soc. Change 80, 1418–
1437 (2013). https://doi.org/10.1016/j.techfore.2012.11.008

9. Saritas, O., Aylen, J.: Using scenarios for roadmapping: the case of clean production.
Technol. Forecast. Soc. Change (2010). https://doi.org/10.1016/j.techfore.2010.03.003

10. Lee, S., Lee, S., Seol, H., Park, Y.: Using patent information for designing new product and
technology: keyword based technology roadmapping. R D Manag. (2008). https://doi.org/
10.1111/j.1467-9310.2008.00509.x

214 M. Mysior et al.

http://dx.doi.org/10.1007/978-3-540-33223-7
http://dx.doi.org/10.1007/978-3-540-33223-7
http://dx.doi.org/10.3324/haematol.2009.020586
http://dx.doi.org/10.1007/978-3-030-02456-7_7
http://dx.doi.org/10.1007/978-3-030-02456-7_7
http://dx.doi.org/10.1016/j.techfore.2008.03.027
http://dx.doi.org/10.1016/j.techfore.2007.04.006
http://dx.doi.org/10.1016/j.techfore.2007.04.006
http://dx.doi.org/10.1016/j.techfore.2012.11.008
http://dx.doi.org/10.1016/j.techfore.2010.03.003
http://dx.doi.org/10.1111/j.1467-9310.2008.00509.x
http://dx.doi.org/10.1111/j.1467-9310.2008.00509.x


11. Groenveld, P.: Roadmapping integrates business and technology. Res. Technol. Manag.
(2007). https://doi.org/10.1080/08956308.2007.11657472

12. Cascini, G., et al.: Knowing the future is possible. The handbook (2015)
13. Vatananan, R.S., Gerdsri, N.: The current state of technology roadmapping (TRM) research

and practice. Int. J. Innov. Technol. Manag. 09, 1250032 (2012). https://doi.org/10.1142/
S0219877012500320

14. Cooper, R.G.: Product innovation and technology strategy. Res. Technol. Manag. (2000).
https://doi.org/10.1080/08956308.2000.11671329

15. Koziołek, S.: Inżynieria Wynalazczości. Metodologia projektowania innowacyjnych
systemów technicznych. Oficyna Wydawnicza Politechniki Wrocławskiej, Wrocław (2019)

16. Koziołek, S.: Design by analogy: synectics and knowledge acquisition network. In:
Rusiński, E., Pietrusiak, D. (eds.) RESRB 2016. LNME, pp. 259–273. Springer, Cham
(2017). https://doi.org/10.1007/978-3-319-50938-9_27

17. Bukhman, I.: TRIZ Technology for Innovation. Cubic Creativity Company (2012)
18. Lok, A.: Combination of Hidden Customer Needs tools and MPV to generate product

concept. Presented at the MATRIZ TRIZfest 2016 International Conference (2016)
19. Malinin, L.: Technology selection based on main parameters of value and fuzzy logic. Int.

J. Bus. Innov. Res. 11, 431 (2016). https://doi.org/10.1504/IJBIR.2016.10000079
20. Lok, A.: MPV-based engineering system evolution. In: Proceedings of the MATRIZ

TRIZfest 2017 International Conference, Kraków (2017)
21. Koziołek, S., Białowiec, A., Mysior, M., Ptak, M., Słupiński, M., Derlukiewicz, D.:

Rozproszone systemy dystrybucji biogazu: badania, projektowanie i rozwój. Oficyna
Wydawnicza Politechniki Wrocławskiej, Wrocław (2017)

22. Karliński, J., Ptak, M., Działak, P., Rusiński, E.: The approach to mining safety
improvement: accident analysis of an underground machine operator. Arch. Civ. Mech.
Eng. 16, 503–512 (2016). https://doi.org/10.1016/J.ACME.2016.02.010

23. Helander, M.G., Krohn, G.S., Curtin, R.: Safety of roof-bolting operations in underground
coal mines. J. Occup. Accid. 5, 161–175 (1983). https://doi.org/10.1016/0376-6349(83)
90002-0

24. Inc, K.S.: IDEF0
25. Mysior, M., Koziołek, S., Rusiński, E.: Problem formulation of screw feeding system of

fibrous materials using TRIZ. In: Koziołek, S., Chechurin, L., Collan, M. (eds.) Advances
and Impacts of the Theory of Inventive Problem Solving, pp. 57–64. Springer, Cham (2018).
https://doi.org/10.1007/978-3-319-96532-1_5

26. Gadd, K.: TRIZ for Engineers: Enabling Inventive Problem Solving. Wiley, Hoboken (2011)
27. KGHM Polska Miedź SA: Strategy for 2023 (2017)
28. Konopko, W., Piernikarczyk, A.: Koncepcja technologii eksploatacji cienkiego złoża rud

miedzi. CUPRUM – Czas. Nauk. Górnictwa Rud. 4, 17–33 (2014)

Method of Identification of Useful Functions in the Scope 215

http://dx.doi.org/10.1080/08956308.2007.11657472
http://dx.doi.org/10.1142/S0219877012500320
http://dx.doi.org/10.1142/S0219877012500320
http://dx.doi.org/10.1080/08956308.2000.11671329
http://dx.doi.org/10.1007/978-3-319-50938-9_27
http://dx.doi.org/10.1504/IJBIR.2016.10000079
http://dx.doi.org/10.1016/J.ACME.2016.02.010
http://dx.doi.org/10.1016/0376-6349(83)90002-0
http://dx.doi.org/10.1016/0376-6349(83)90002-0
http://dx.doi.org/10.1007/978-3-319-96532-1_5


Improving Inventive Design
Methodology’s Agility

Masih Hanifi1(&), Hicham Chibane1, Rémy Houssin2,
and Denis Cavallucci1

1 ICUBE Laboratory-CSIP Team, INSA of Strasbourg,
24 Boulevard de la Victoire, 67084 Strasbourg, France

masihhanifi.mh@gmail.com
2 ICUBE Laboratory-CSIP Team, University of Strasbourg,

3-5 rue de l’Université, 67084 Strasbourg, France

Abstract. Inventive Design (ID) methodology has been developed in four main
phases, from initial situation analysis to solution concept, in order to overcome
TRIZ limitations. However, this methodology needs to optimize its perfor-
mance, because it takes a lot of time to obtain the best solution concepts. In
addition, the ability of ID to give the best result depends on individual
knowledge and experience of designer, and correctness of initial situation
analysis. The proposed methodology in this article uses a collection of tools and
combines a long-term vision for continuous improvement. This improvement
method focuses on removing the non-value added activities during the process
and maximizing the quality of the results. Integration of this proposed
methodology with ID framework will eliminate the wastes, which occur in
different phases of ID method and increase its overall efficiency and agility.

Keywords: Inventive design � TRIZ methodology � Efficiency � Agility

1 Introduction

Ability of organization in innovating and introducing new high quality products at a
quicker rate than competitors lead to success of any business. There is a clear evidence
that increasing of efficiency, effectiveness and agility of innovation process, which is
believed a bottleneck to new product introduction, is key to survival of the enterprises
in the competitive global environment. This incites the companies to track continuously
the methods and techniques more cost-effective and time-efficient to boost the per-
formance. Among these methods, we choose to investigate Lean product development
theory.

Lean Manufacturing theory was originated by Toyota Company in the early 1950 s
based on its product development process and make it to become one of world’s
leading car producer [1]. Nowadays, Many organizations have adapted lean in an
attempt to reduce cost, decrease time, and maximize value in product development [2].
Where Lean Product Devolvement (LPD) is developed to be applied in design process.
Lean philosophy takes a look at continuous eliminating nonvalue adding activities in
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order to achieving the excellence, as well as inserting set of practices that help to reduce
the cost and time while improving the performance of process [3].

TRIZ [4] or Theory of Inventive Problem Solving consider that technical systems
will be developed in similar ways. In fact, it says that any problem can connected to a
general situation independent of original domain of the technical system. As a result,
designer is able to extend the solution space into various domains of knowledge and
apply problem-solving techniques from different fields of knowledge [5–7]. However,
this theory supplies many ideas and has the following defects: it could not guarantee a
solution and its feasibility, TRIZ provides only concepts and it could not directly
propose implementable solutions [8].

INSA of Strasbourg has developed Inventive Design Methodology (IDM), which is
an extension of TRIZ, in four main phases, from initial analysis to choice of solution
[7, 9]. ID Methodology has not only inherited drawbacks of TRIZ but also has its own
problems. For this reason, this methodology needs improving its performance because
it takes time to give the best concepts. In addition, the ability of IDM to give the best
result depends on the individual knowledge and experience of designer, and correctness
of initial analysis. We propose to integrate IDM and LPD to solve these problems. In
fact, this integrated framework can continuously help in removing wastes within the
process; it can decrease lead-time of the phases. In summary, this combination has to
improve performance of IDM’s process and to increase its efficiency and agility.

This paper deals with Inventive Design Methodology and aims to propose the first
integration of LPD in this methodology, with the goal of increasing its efficiency and
agility. This paper is organized in four sections. In Sect. 2, we present the state of art of
Inventive Design Methodology, Lean, and its implementation in the sectors beyond
manufacturing. The Sect. 3 present our proposition of integration of LPD in IDM. The
paper finishes by the conclusion in Sect. 4.

2 Literature Review

2.1 Inventive Design Methodology

Nowadays, companies to survive in global market need to invest in systematic inno-
vation, which is crucial for raising design effectiveness, increasing competiveness and
profitability [10]. Inventive Design Methodology (IDM) is a systematic approach,
which has been developed within several years of research at INSA of Strasbourg to
solve classical TRIZ limits, and to complete its body of knowledge with other theories
such as graph theory or Pugh’s theory [7, 9].

IDM is a framework, which consists four main phases, Fig. 1, from initial situation
analysis to the choice of solution concepts [7, 9, 11]. We briefly describe here these
four phases, the employed tools or techniques in each step:

1. Initial Situation Analysis: This phase is to collect all the knowledge related to a
problem and translate it to into graphical model in order to facilitate decision-
making. In fact, this knowledge comes from (a) patent, relevant literature, and
company’s internal documents (b) existing data’s regarding the targeted subject and
(c) tacit know-how of experts concerned by the treated subject [9, 11, 12].
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The applied tool in this step is problem graph. A problem graph is a set of problems,
which are defined as a barrier that prevents the achievement of what has to be done,
and a set of solutions, which represent an outcome that is known in the domain and
verified by experience [13]. Nevertheless, in order to use TRIZ techniques to solve
the problems and to gain solution concepts, it is necessary to translate the problems
and the partial solutions to parameters. In this way, each problem can be derived in
one or several evaluation parameters, and partial solutions into one or several
action parameters. Then, these parameters will be applied to formulate the
contradictions [13].

2. Contradictions Formulation: After completing the first phase, the initial situation
analysis becomes visible as a reduced set of problems and partial solutions. It is
used as departure point for formulating a range of poly-contradiction, from which
the contradictions will be adapted [12, 13]. These contradictions are physical and
technical issues, which represent bottlenecks in the development of system [9, 12].
The following sub-steps such as formulation of poly-contradictions, Extraction of
contradictions, and classification of the significance of contradictions according to
the specific of scenario are done within this phase [12]. The extracted contradictions
become an input point for applying the different tools of TRIZ.

3. Solution Concept Synthesis: Once problems structured as contradictions, different
TRIZ methods are applied to boost creation process, and to solve the precedence
contradictions. These methods are the technical contradiction resolution matrix that
relates to inventive principles, the substance-Field modeling related to the Inventive
Standards system and the ARIZ-85C algorithm [12]. Contradiction Matrix is the
most famous TRIZ tools. It is a matrix, which includes 39 improving parameters
and 39 worsening parameters that are ordered on vertical and horizontal axis to
interact with one another. This matrix is used to point out to the inventive principles
that can be applied to eliminate the contradiction [14, 15]. Substance field analysis
represents graphically the interaction, which there are between two components in a
technical system, by a triangle model. Each triangle consists of one substance S1
that acts on substance S2 by a field, which is a kind of energy, acting on the
instrument to adjust its interaction with the substance. A field can be thermal,
chemical, magnetic, acoustic, electric, or electromagnetic. After developing the
substance field models, Identification of system’s problems is possible through
further analysis. In order to solve revealed problems, TRIZ proposes 76 inventive
standards, which helps us consider ideas from the world’s knowledge bases
[16, 17]. ARIZ or the algorithm for inventive problem solving is defined as a
structured process that includes a series of steps integrating numerous TRIZ tools to
formulate initial problems as well as resolve these problems [18]. It is known as the
most appropriate for complex problems [15]. Since 1956, the different versions of
ARIZ have been introduced. However, ARIZ-85-C, which is well improved com-
pared to the other versions, and includes S-Field, operators, resources, etc., is the
last version of ARIZ. This version of ARIZ contains nine steps including three steps
to analyze and reformulate the original problem, the next three steps to eliminate the
contradictions, and the final three steps to analyze the solution [19].

4. Solution Concept Selection: In this phase, measurement of the impact of each
solution concept on the problem graph explained in the first phase will be done [9].

218 M. Hanifi et al.



For this purpose, external experts should weigh the impact of each Solution Con-
cept on Evaluation Parameter by filling out Pugh’s like evaluation grid. In fact, if
SC can make the EP develop in the desired direction, the assigned weight is
positive, and if it could not make the evolvement in the favorable sense, the weight
is negative [1].

Despite all the advantages that this four-phased framework to the designers pre-
sented, today, it does not have sufficient efficiency and agility to suggest the best
solution. In fact, the identified areas of inefficiencies of each step of IDM are as the
following: 1. Initial analysis: the essential time to collect and analyze the data, 2.
Contradictions formulation: required time for this step, formulation of unnecessary
contradictions, and inaccuracy in expressing the term, 3. Concept synthesis: time
needed to understand the knowledge base, and errors in estimating the interest of new
element of knowledge.

For improving the performance of ID methodology, we propose to integrate this
framework with other methodologies or theory like Lean Product Development (LPD),
which by continuously removing the wastes within ID process, can help to increase the
efficiency and agility.

2.2 Lean Philosophy

Lean philosophy was originated in the practices of Toyota Motor Corporation in the
1950 s [1]. However, its introduction to the business world has been done through the
books such as “Lean thinking” written by Womack and Jones in 1996, and “The
Machine that Changed the World”, which documents results of a study performed at
the Massachusetts Institute of Technology (MIT), composed by Womack in 1990 [3].
Although, the concentration of these books was on the manufacturing aspect of busi-
ness rather than engineering and design, the authors emphasized that the same
principles can be implemented to remove all types of waste in various industrial sectors
[3, 20].

Lean philosophy is based on the fundamental goals of the Toyota Production
System (TPS) and can be understood as a set of practices, principles and techniques,
which looks for removing continuously all types of waste in order to attain cost
decrement, quality, efficiency and agility improvement with less endeavor [20–22].
According to lean, waste is defined as everything that does not directly add value to
product or service [23]. In addition, this philosophy has recognized wastes in seven
forms, Fig. 5, that have been classified as follows [24]:

a. Overproduction: generating too soon and more than requirements, which causes a
weak stream of information or products, and unneeded inventory.

b. Defects: products or information that do not meet expectation because of problem
quality, common mistakes in paperwork, and week delivery performance.

c. Excessive inventory: unnecessary raw material stores, work in process (WIP),
finished stock storage, and retardation of information or products, resulting in
extreme cost and poor service.
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d. Unsuitable processing: unnecessary process steps, or processes that uses the wrong
set of tools, procedures or systems, often when easier approach could have more
effectiveness.

e. Unnecessary transportation: any movement of products, information or people that
is not an added value process step, and causes wasted time, effort and cost.

f. Waiting: Idle time for information, people or products, which results long lead-time
and weak flow.

g. Excessive motion: poor structure of the work place, which causes extreme
stretching and repeatedly missing items.

After introduction of Lean, there were the authors, which they have gone beyond
the boundaries of manufacturing and adapted these wastes to other departments of
business. Among these authors, it is possible to point out to (Ohno 1998; Liker 2004;
Morgan 2005; Reinertsen 2009), which they have defined them in Product Develop-
ment Process [25]. However, in order to remove waste and deliver improvement in
specific area, it is fundamental understanding Lean Thinking principles.

“The Machine that changed the world” and “Lean Thinking” have articulated a
universal Lean philosophy base on five key principles, which are essential to eliminate
the seven wastes. Furthermore, these books have showed that how this concept by
using these principles could be extended beyond manufacturing to any sector or
department. The five principles and their brief description are as follows [24, 26]

a. Specify value: define value precisely from perspective of customer in terms of
specific product. Everything that absorbs resources but could not create value, it is
kind of waste and should be eliminated.

b. Identify value-stream: recognize all the activities required across the whole value
stream to ensure that each of them provides value, and highlight non-value adding
waste.

c. Make value flow: make value-stream flow without discontinuity, waiting, deviation
or scrap.

d. Pull: provide or design what they are required on customer demand.
e. Strive for perfection: continuous elimination of consecutive layers of waste when

they are detected.

However, fulfillment of these principle needs application of some practices, which
are activities applied to improve the organizations. These practices are implemented by
set of tools and techniques [20].

Techniques and tools are essential to implementing Lean. In fact, application of
these tools and techniques could be considered as a facility of defining, evaluating, and
attacking sources of inefficiency in a specific manner [27] Some of the widely
acknowledged Lean tools and techniques are as follows: (a) Value Stream Mapping or
VSM: to detect non-value-added activity, (b) Cause-and-effect: to prioritize the root
causes, (c) DSM (Design Structure Matrix): to understand the nature and root cause of
waste, (d) Single-piece flow: to employ the concept of single piece flow to remove
waste time, (e) A3 reports: to describe in one sheet the problem, solution alternatives,
and the best commendation to solve the problem, (f) Kaizen: to detect and eliminate
waste according to Plan-Do-Check-Act, (g) Kanban: a visual signal to support flow,
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(h) Quality Function Deployment (QFD) to identify critical customer attributes and to
create a link between the attributes and design parameters) and Multi Criteria Decision
Making: to weigh all the criteria against each other before making the final decision
[25, 28–31]. Integration of these tools and techniques are helpful for various of
issues [27].

The principles of Lean philosophy have made it applicable to other sectors of
industry, including innovation process, which plays today an important role in success
of the business.

2.3 Implementation of Lean in the Sectors Beyond Manufacturing

Todays, most of the authors have written about application of Lean philosophy in
manufacturing process. However, there have been the writers, which pays attention to
integration of this philosophy in information management, innovation and product
development process, because of its ability to increase efficiency and agility.

Within the information management, Hicks [32] propose application of Lean
thinking to support the improvement of the performance of the overall information
management, which is defined as the process of adding value to information by
organizing, visualizing and representing, and enabling information to flow to the
information customer.

In product introduction, which involves flows of information within the product
development process rather than physical circulation of materials through the cases of
manufacturing [2], Haque and James-Moore [26] describe the application of the five
Lean Thinking principles to New Product Introduction (NPI) process. In fact, in their
paper each principle is characterized within the context on NPI. In addition, they
introduced the key methods and tools that enable Lean in NPI, and they discussed
about the essential modifications to the manufacturing definitions of value and waste in
order to incorporate to demands of effective and efficient NPI. In this field, Nepal [25]
has proposed an integrated framework for increasing capability of identifying and
eliminating of waste in Product Development Process by integrating LPD tools with
DSM and Cause and Effect Matrix, which allows analysis of underlying complexity of
PD, and facilitates specification of root causes of useless rework. In the same way,
Anand and Kodali [3] have had a proposed conceptual framework for Lean New
Product Development. The authors additionally integrated different tools and tech-
niques to make NPD leaner.

By looking at the presented examples of Lean applications to the sectors beyond
manufacturing, and by considering this point that Inventive Design Methodology
involves the flow of information, it can be concluded that the principles of Lean and
also its tools and techniques, which needs some modifications, are applicable to ID
methodology.
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3 Application of Lean Philosophy to Inventive Design
Methodology

In this section, in order to apply Lean philosophy within Inventive Design Method-
ology process we propose five steps methodology, Fig. 1. The purpose of this applying,
it is to continuously remove the wastes in ID process and increase its efficiency and
agility by applying different tools and techniques of Lean. In this methodology, the five
steps, described below, explain how it is possible to constantly improve the process.

1. Value definition of activities in IDM process: In this stage, the value of each activity
should be defined according to the objective, which is convincing the designer.

2. Current state of IDM’s value stream (process) analysis: This stage includes creation
of value stream mapping of actual ID process, as well as wastes definition and
analysis.
a. Value stream creation of the current process of IDM: in order to analyze the IDP,

the activities within this process should be categorized as Non Value Added
(NVA) activity, and Value Added activity (VA). For this purpose, it is possible
to employ Value Stream Mapping (VSM), Fig. 2, which is a proven analytical
tool for demonstrating flow of information in IDM process, and identifying
different types of wastes.

b. Wastes and problems identification of the actual process of IDM: After mapping
the needed steps of IDM by VSM, it is necessary to identify different types of
wastes according to the adaptation that has been done in the second step, as well
as the methods that should be changed.
(1) In the Initial Analysis step, the user needs time to collect and analysis all the

data as problems and partial solutions without paying attention to use of
them in solution step. Figure 3 demonstrates a graph problem of a per-
formed project, which has been done for this article to demonstrate IDM’s
drawbacks. As shown in this figure, the user has collected 22 problems and
5 partial solutions.

Value defini on 
of ac vi es in 

IDM
Current state of 

IDM's value steam 
analysis

IDM's value stream 
op miza on

Implementa on of  
iden fied solu ons 

to IDM process

Constatnt 
improvement of 

IDM process

Fig. 1. The five steps methodology introduced to improve Inventive Design Methodology
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(2) Contradictions formulation step: the users requires time to formulate all the
contradictions that sometimes are useless. Figure 4 shows the formulated
contradictions related to the graph problem of Fig. 3.

(3) Solution Concept Synthesis step: the designer requires allocating a lot of
time to understand the knowledge base. Furthermore, he could make errors
in estimating the more interest of new knowledge element.

Fig. 3. Graph problem of a realized project (brown circles shows problems; green circles shows
partial solution) (Color figure online)

Fig. 2. Value Stream Mapping (VSM) of Inventive Design Methodology
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(4) Solution Concept Selection step: of ID process, it is remarkable that after
creating a network of a lot of problems and partial solutions in the first stage,
and formulating all the possible contractions in the second stage, the
designer applies just some of them to create the solution. For example, as
shown in Fig. 5, in the presented project of step one, the designer has used
just one of the contractions to formulate the solution. After verifying and
comparing this project with other projects been realized by other designer,
we received to the same results. Figure 6 demonstrates results of this review.

Number of 
formulated 

contradictions: 
4 

A 

Fig. 4. Formulation of contradictions related to problem graph of Fig. 3

AA

Fig. 5. The applied problem and contradiction to receive an innovative solution
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c. Wastes analysis: This stage has been defined to find root causes of identified
NVA activities in the previous steps and to prioritize them with respect to their
impact on IDM process.
(1) To understand the root causes of wastes: in Inventive Design Methodology

process, it is possible to use the tools such as cause and effect chain or Why-
Why analysis.

3. IDM’s value stream (process) optimization: After understanding the root causes of
wastes, it is the stage of identifying the possible solutions to remove wastes and
propose the solutions to improve the process.
a. Identify the possible solutions to make the stream of information flow: suitable

techniques or tools should be used to create flow of information. For example, it
is possible to reduce the size of batch, apply the concept of single-piece from the
initial phase of IDM to eliminate waiting time.

b. Identify the possible solutions to create a pull stream of information between
downstream activity and upstream activity: the goal is to able the process to
develop the information based on request of its immediate customer. In other
words, each phase of IDM will produce information when is needed without
break.

c. Estimate the future state of value stream of IDM according the identified
solutions: After identifying all types of waste within IDM’s process, the future
VSM could be developed by predicting how Inventive Design process will be
when the identified wastes are eliminated.

4. Implementation of the identified solutions to IDM process: the potential solutions
could be implemented on Inventive Design Methodology in order to increase its
efficiency and agility.

5. Constant improvement of IDM process: Continuous improvement is integral part of
Lean philosophy. In fact, the goal here is to continuously improve IDM process by
focusing on eliminating as many waste activities as possible while increasing the
activities that generate value.

4 Conclusion

This paper dealt with innovation process and aimed to apply Lean, as philosophy to
continuous eliminating wastes within the processes in order to achieve the excellence,
in Inventive Design Methodology.

Fig. 6. The results of review of other projects
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After a literature review about ID process in which a brief discussion on its main
phases and applied tools in these phases was provided. An introduction to Lean phi-
losophy and its application in the sectors beyond manufacturing was given. In the last,
a five steps methodology, allowing to continuously identify wastes within ID process
and to increase its efficiency and agility, was presented.

After applying the identified solutions, the new proposed algorithm and process, of
the step 3 of the methodology into IDM process, we will have a flow of information
from initial phase without waiting time. In addition, the information will be developed
within the process base on the needs of the designer. The proposed methodology has to
have also possibility to identify continuously wastes in ID process, and to propose the
solutions to eliminate them. The final and the most important result of this five steps
methodology, it is to constantly increase the efficiency and agility of Inventive Design
Methodology.

In the future research work, we will present a new algorithm and a new process in
order to increase the agility of Inventive Design methodology. Furthermore, the step 4
of methodology, which is implementation of the identified solutions to ID process, will
be done.
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Abstract. Through analyzing the solving mechanism of product inventive
design problem based on TRIZ theory, we propose in this paper a multi-
perspective and multi-level knowledge organization model, so as to fill the
“GAP” between the general solution and the particular solution in the process of
solving inventive problems. We labeled here design knowledge by five attri-
butes, i.e., TRIZ, function, behavior-flow, effect, and domain, each of which
includes respectively three levels that are conceptual level, semantic level and
factual resource level. Thereby, a multi-perspective and multi-level local
knowledge base is established. Besides, we put forward also a card-type
knowledge representation template, which divides the traditional cases, patents
and other knowledge into several independent parts, and each of them can be
displayed and pushed to designers in form of cards. Thus, it’s conductive to
stimulate designers’ analogy and association. One multi-perspective and multi-
level knowledge organization based inventive problem solving model is con-
clusively established, which supports analysis and problem-solving in different
perspectives and at different levels. A conceptual design of an ultrasonic
washing machine is illustrated at the end as an implemented example for this
proposed model.

Keywords: Knowledge representation � Inventive problem solving � TRIZ

1 Introduction

Product design is a continuous and purposive kind of creative thinking activity, which
is carried out to meet certain needs of knowledge [1]. From the cognitive perspective,
the process of solving the design problem can be regarded as that of “the correlation
mining between the problem and the existing knowledge, as well as the knowledge
transfer and combination” [2]. The knowledge requirement runs through the entire life
cycle of product design.

Bringing knowledge forward and making it explicit is one of the key roles of
knowledge representation [3]. Recent studies about the organization and representation
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are based on artificial intelligence, which focuses on the computer processing of
knowledge. All the presentations and organizations of knowledge are structural, which
the computer can handle and be regarded as a set of structural data and a set of
correlative operation. Cong et al. [4] and Paul et al. [5] put forward a method of patent
knowledge classification based on inventive principles, as well as assisted by onto-
logical reasoning technique. And it can also automatically provide the relevant patent
knowledge to designer during the solving process of TRIZ problem. Yu et al. [6] and
Park et al. [7] proposed to analyze and retrieve the patent items with the help of the
trend of evolution so as to solve the current problem. Zhang et al. [8] proposed a
semantic ontology based knowledge representation model for invention principles. Qin
et al. [9] proposed a Requirement-Function-Behavior-Structure-Evolution (RFBSE)
model to obtain useful knowledge and experience in the design process. There are also
some innovative design knowledge management platforms including Aulive [10],
Pro/Innovator [11], PIXSEB (Driving innovation through the semantic extraction of
patent content) [12], Creap (Creativity Design Service Platform) [13] CREAX [14] etc.
However, the former research in knowledge representation model emphasized chiefly
the description of connection between design objects and design processes, and nev-
ertheless lacked an efficient systematic approach that can integrate the design object,
problem-solving process, as well as recognition strategies.

Inventive design is people-centered, and people should be finally engaged in
design. Knowledge must be oriented to comprehension and motivation of humans.
Knowledge representation should pay attention to human’s reading, understanding,
association. However, the kind of knowledge presented to people is rather important.
The main role of computers is to organize, and to represent knowledge. In fact, it is a
state in which human-machine forms a joint cognition, that is to say, the combination
of artificial intelligence and human cognition forms a cognitive channel that is con-
ducive to innovation. Therefore, the organization and representation of knowledge
must satisfy [15]: (I) It should be benefit of the designer’s perception. (II) It should be
in favor of the designer’s association analogy and knowledge transfer. (III) It should
make for computer retrieval and push forward. (IV) It should avail the expansion of
knowledge and the use of resources.

Besides, the design problem is typical ill-structural problem [16]. The design
problem solving process is a process of clarifying and refining the initial problem,
along with repeated iterations in different abstraction level, i.e. designers may need the
knowledge of different abstraction levels at different time to solve the problems.
Knowledge organization and representation for product innovative design requires
different abstraction levels of design knowledge to assist designers to obtain knowledge
information of different levels, which facilitates thereby the analysis and problem-
solving from different conceptual levels and different perspectives.
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2 The Mechanism of Creative Problem Solving Based
on Multi-perspective and Multi-level

TRIZ (theory of inventive problem solving) is presented by G.S. Altshuler from the
Soviet Union and his studying team, as a complete methodological and theoretical
system for inventive problem solving, which can accelerate the process of invention
and obtain the productions of good quality [17]. The flow of TRIZ application can
concluded to solve the inventive problem as Fig. 1: Firstly, We can use TRIZ, FBS and
other ways to represent engineering problem and transform it into a general problem.
And then, the general solution is retrieved by using the inventive tools. Finally, the
designer transforms the general solution into a particular solution with the help of
analogy, as well as his own domain knowledge and design experience.

The general solution is not the final solution to the problem, it provides the designer
with a new possible approach to solve the problem. The general solution is a highly
abstract one. A gap exists between general solution and particular solution. The
transformation process to a particular solution still requires the immense amount of
knowledge from different practical domains, but the designer himself cannot grasp all
the supporting knowledge needed for solving the problem, which results in the lack of
knowledge and increases the difficulty to the inventive design.

As shown in Fig. 2, in order to help designers to get over the “gap” between the
general solution and particular solution, we propose a multi-perspective and multi-level
based inventive problem solving model. In this model, the design task is represented
from 4 perspectives basing on human comprehension of processing problems of pro-
duct inventive design, including “what do you want to design?” (Considering inventive
problem in a visual perspective, specific design objects included, with certain limita-
tions, easy to cause mindsets, not easy to acquire creative solutions.), “What is it used
for” (Considering the ultimate goal of design, representing the problem on the overall
goal. By completely eliminating the existing production system limitations, to describe
the inventive problem from the functional level.), “How to achieve it?” (Thinking about
the implementation of this design problem, transforming the design principles into
concrete operations.) and “Which problem do you have?” (considering the current
problems is the driving force for the transformation between problem levels, including

Particular  Design Problem

General  Problem General Solution

Particular Solution

Problem representation

Formulate

TRIZ
Function-
Behavior-
Stracture

Retrieve

GAP

Knowledge representation

Represent

Fig. 1. The Flow of TRIZ Application
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technical principles and design thinking, and five abstract attributes corresponding to
domain information, functions, behavior-flow, scientific effects, and invention princi-
ples.) Designers could reconstruct a new problem representation by this way.

Besides, we extract five attributes of design knowledge—TRIZ, function, behavior-
flow, effect, and domain attribute. An attribute is regarded as a description perspective
and a retrieval perspective of knowledge. Each attribute is described from three levels
from abstract to specific: concept, semantics and fact resources, which forms a multi-
perspective and multi-level local knowledge base. Designers could choose any per-
spective and any level to understand the knowledge.

Finally, according to the relationship between attributes, the semantic ontology of
attributes is established. Relevant knowledge is searched and mined from patent
database and network resources. Through semantic similarity calculation, knowledge
within domain, in closing domain and in further domain are provided for inventive
design. Supporting designers to analyze and utilize knowledge from different per-
spectives as well as at different levels is beneficial to motivating designers to make
analogy and complete knowledge transfer, thus facilitating the transferring process of
general solutions to particular solutions.

3 The Organization and Representation of Design Knowledge

3.1 The Computer-Oriented Knowledge Organization

Upon the type of knowledge in the product inventive design process, we here divide the
attributes of product design knowledge into TRIZ attribute, function attribute,
behavior-flow attribute, effect attribute, and domain attribute, in order to make up for
the “gap” between the general solution and the particular solution. Meanwhile, each

Design Task

What do you want to design?

What is it used for?

How to achieve it?

Which problem do you have?

Problem
Particularization

Problem Space

Knowledge

K

TRIZFunctional

Behavior
-flow

Refine

Effect

Domain

Concept
Semantics

Fact

Attribute
association

Domain

Functional

Effect

Behavior-
Flow

TRIZ

Knowledge Space

Problem representation Knowledge
representation

Designer

Reconstruction Section Expansion

Fig. 2. A multi-perspective and multi-level based inventive problem solving model
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attribute is described by different levels knowledge. Each level corresponds to different
abstract levels, including conceptual layer, semantic layer and factual resource layer,
we can thereby establish a multi-perspective design knowledge organization and rep-
resentation model. As the figure shown in Fig. 3:

Conceptual Layer Knowledge Organization: The conceptual layer is a highly
abstract representation of attributes and also the basic unit of the attribute description.
A concept may contain many sub-concepts and may be sub-concept of another concept.
A set of concept can form a grain, and a multi-granular and multi-level attribute
concept description is formed by organization of the concept layer. The granularity
conceptual structure of each attribute is expressed as follows.

TRIZ attribute: It describes and expresses the principle, general solution and tech-
nological evolution rule of TRIZ, as shown in the Fig. 4:

knowledge

TRIZ
Functional

Behavior-flow

Refine

Effect

Domain

Concept

Semantics

Fact

Fig. 3. A multi-perspective and multi-level based knowledge representation model
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Fig. 4. The conceptual layer of TRIZ attribute
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Semantic Layer Knowledge Organization: The semantic layer is a description of
attribute content and the relationship between semantics, including attribute description
and attribute association. Attribute is a description of the characteristics, which is
meanwhile a concrete manifestation of attribute characteristics in knowledge, which is
convenient for designers to understand quickly knowledge and establish the relation-
ship between attributes through the relationship between attribute semantics.

Factual Layer Knowledge Organization: Facts refer to detailed descriptions of
practical case. Resources refer to resource content obtained through attribute semantic
description and Internet information expansion, including patent knowledge and
extended knowledge of network resources within domain, in closing domain, and in
further domain.

Through the attribute concept and ontology association, the external network
resources are retrieved by knowledge, and then the semantic similarity between the
search result document and the attribute description is calculated to sort and classify the
searched results according to the knowledge of the domain, the adjacent domain and
the further domain. The vectorization of the text can be expressed as:

dj ¼ ðw1j;w2j; . . .;wnjÞ

Where dj represents the document j, wij represents the weight value of the word ti,
and the weight of a word is calculated using TF-IDF (word reverse document fre-
quency). The idea of TF-IDF is that the more a word appears in a document, the greater
the weight value it has. The less common a word is in the document, the greater its
weight value is, that is to say the word has a good distinguishing ability. The formula
for calculating TF-IDF is as follows:

wij ¼ fij
max f1j; f2j; . . .; fnj

� � � log N
dfi

Here fij is the number of times the word ti appears in the document dj, N is the total
number of documents, and dfi is the number of words ti in the document. The similarity
between the document q and the document dj is calculated as follows:

simðdj; qÞ ¼
Pn

i¼1 wij � wiqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 w

2
ij

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 w

2
iq

q

(Note: the similarity value is within (0,1))
While sim 2 0:7; 1Þ½ ,, the document dj belongs to within domain of the document q.
While sim 2 0:4; 0:7Þ½ , the document dj belongs to closing domain of the

document q.
While, sim 2 0; 0:4Þ½ , the document dj belongs to further domain of the document q.
The problem solving is a process of cooperation between relevant knowledge, and it

cause easily mind-set relying on one single domain of knowledge, which is adverse to
generation of new ideas. In this Internet era, the connection between local knowledge

A Multi-perspective and Multi-level Based Approach 233



basis and internet resource should be well established during the organization and
representation of knowledge, which helps the knowledge extension, as well as expands
the knowledge space of designer.

3.2 The User-Oriented Knowledge Representation

The design knowledge representation avails not only computer retrieve and storage, but
makes also for users’ reading comprehension so as to stimulate efficiently associative
thinking. Based on the analysis above, we propose here one card-type multi-perspective
and multi-level design knowledge representation template. The traditional cases,
patents and other knowledge are divided into relatively independent parts according to
different attributes, and each part is displayed in the form of card. Each card describes
the knowledge from the conceptual, semantic and factual layers of each attribute.
Designers can start reading knowledge from any card and form a multi-perspective and
multi-level knowledge structure, which is convenient to understand and knowledge
transfer. In addition, the knowledge is marked by multiple attributes to form a struc-
tured text, which is beneficial for computer processing. An example of a design
knowledge representation template shown in Fig. 5.

Where, 1 is the title bar, displaying the name of the knowledge item; 2 is the
attribute tab bar, including TRIZ, functions, effects, behavior flow and domain.
Designers are free to choose any attribute tag for browsing and reading; 3, 4, 5 are
respectively the conceptual layer, the semantic layer and the factual layer of attributes;
6 are the extension layer of knowledge item, referring to semantic similarity algorithm,
with which knowledge can be retrieved within domain, in closing and in further
domain.

Fig. 5. Knowledge representation template

234 L. Liu et al.



The user retrieves knowledge through the attribute tag, selects the content of
interest in the knowledge space, and browses the knowledge item. Through the
knowledge representation of card-type, the user does not need to read the full text, and
can understand the content from different perspectives, thereby reducing the cognitive
load of users, as well as improving the efficiency of knowledge application.

4 Case Study

As a mature household appliance, this paper takes the innovative design of the washing
machine as an example to show the application process of the above model.

4.1 Problem Representation

As shown in Fig. 6, the design task can be described as “Please use your imagination to
provide an innovative design for the washing machine”. There is relatively fewer
restricted conditions, which is easy for designer to consider the problem from any
angles.

i. Problem representation from “domain” perspective: Designers can type “Washing
Machines” in “What are you design?” Input box to retrieve relevant knowledge so
as to understand the current development and main problems of “Washing
Machines”.

ii. Problem representation form “functional” perspective: The main function of the
washing machine is to clean the stains on the clothes whose functional basis can
be expressed as “separate/remove solid”. Therefore, type “separate” in input box
“what is used for?”, to get all the patent knowledge that implements the “sepa-
ration” function.

Fig. 6. The interface of problem representation
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iii. Problem representation from “effect” perspective: Currently, the washing machine
mainly includes a pulsator washing machine and a drum washing machine. Both
of them are applied to reach the function of the product realized by “centrifugal
force”.

iv. Problem representation from “behavior-flow” perspective: Nowadays, the wash-
ing machine drives the engine to rotate by electric current, and generates cen-
trifugal force to separate the stain from the clothes. In input box “how to achieve
it?”, we can enter “rotation-current” to get a case of using “centrifugal force” to
achieve product function.

v. Problem representation from “TRIZ” perspective: The existing washing machine
consists of a box body, an engine, a base and the other elements. Thus it is very
cumbersome and occupies a large area. So it is only suitable for household use.
But when the people are traveling, they also need an equipment to help them clean
their clothes. The adaptability and the volume of washing machine form a set of
technical contradictions. In input box “which problem do you have?”, we can
input “adaptability” into the harmful factors and put “the volume of stationary
object” into the favorable factors to retrieve the knowledge to solve this
contradiction.

Through these five perspectives to characterize the design problem, it can assist the
designer to fully understand the design problem and find a breakthrough. The designer
can select any one or more of the attributes to combine multiple knowledge for
retrieval. In this paper, all five perspectives are settled as examples.

4.2 Knowledge Representation

Through the analysis above, we got the retrieved patent knowledge shown in Fig. 7.

Fig. 7. The interface of knowledge space
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We choose one of the knowledge items to browse. As shown in Fig. 8(a, b, c, d, e),
we can read this knowledge from five perspectives. This is an ultrasonic cleaning unit
that uses a sound wave with a frequency exceeding 20 kHz beyond the human hearing
range. The dirt layer is dispersed, emulsified, and stripped to arrive at cleaning pur-
poses by direct and indirect effects on liquids and dirt from cavitation, and acceleration.
At present, ultrasonic cleaning machines can be used in the machinery industry, the
pharmaceutical industry, and the textile industry, etc.

Based on this, we created a conceptual solution to design an ultrasonic washing
machine. The conceptual diagram is shown as in the Fig. 8(f). An ultrasonic generator
is used replacing the rotary pulse generator. In addition, the ultrasonic device is
compact, and a 20 kHz ultrasonic generator device has a size of 160 mm * 100
mm * 120 mm, which is easy to carry. Users can carry it in their backpacks. When you
want to wash your clothes, you only need to fill the pool with water and your clothes,
then put the ultrasonic generator into it. solving thereby the contradiction between
“operational efficiency” and “noise”.

(a) TRIZ Card (b) Function Card

(c) Effect Card (d) Behavior-flow Card

Ultrasonic
generator

(e) Domain Card (f) Ultrasonic washing machine conceptual plan

Fig. 8. The interface of knowledge representation for conceptual design case
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5 Conclusion

According to the problem of transforming from the general solution to the particular
solution during inventive problem solving, this paper proposes a multi-perspective and
multi-level knowledge representation method from the perspective of human cognition
and knowledge transfer, and provides knowledge of different abstraction degrees to the
designer in the product design process, such to compensate for the lack of knowledge
between the general solution and the particular solution. And finally, it assists the
designer to make association and analogy, so as to quickly and effectively propose
innovative design solutions in the conceptual design stage.

Due to the problem characteristics and the required knowledge types at different
stages, TRIZ principles, functions, behavior flow, effects, and domains are used as
attributes. Each attribute is described by conceptual layer, semantic layer and factual
layer, which forms a multi-perspective and multi-level local knowledge base. More-
over, it provides the designers with multi-level knowledge within domain, in closing
domain and in further domain, which is convenient for the designer to understand.
Focus on the current knowledge, it generates new knowledge from different levels, so
as to stimulate the designers to make associative and analogical thinking. Besides,
through problem representation from multi-attributes perspective, it allows designers to
observe, analyze, and solve problems from different conceptual levels.
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Abstract. In general, patents are the outcome of research and development.
TRIZ is making a real contribution to solving many problems in new research
and development. Such contributions create new patents. Patent and TRIZ have
an interdependent relationship from the beginning. In most cases, TRIZ will
have a chance to contribute when there is a real engineering problem or when
the problem is expected. This study attempts to verify that the above-mentioned
relationships are made more active by increasing the interaction, and that the
technology systems we want and planned are optimized more quickly. Espe-
cially, it is useful in the initial concept design phase of the product, and it is
more useful in the new product design situation where the background
knowledge of the product or the design experience is low or not. In brief, we
propose a tear-down analysis of products that are most similar to the target
technology system, or search for prior patents based on ‘technology tree’ and
function. The patent research will acquire the keywords necessary for the patent
search by analyzing the function or performance keyword and the similar pro-
duct by the new VOC, VOB. Through this process, the core technology nec-
essary for the initial conceptual design of the target system and the patent
information to be utilized are obtained. From the obtained patent information,
we get a hint about the technical components and the interaction relationship for
the new system. This facilitates conceptual design for the new technology
system.

Keywords: Conceptual design � Tear down analysis � Patent search and
analysis � Optimal design � Function analysis � Trimming � Design around �
FOS

1 Introduction

1.1 Patent and TRIZ

In general, patents are the outcome of research and development, and TRIZ is known as
a problem solving methodology obtained through studying the characteristics and
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patterns of a large number of patents. TRIZ is making a real contribution to solving
many problems in new research and development. Such contributions create new
patents. Patent and TRIZ have an interdependent relationship from the beginning. In
most cases, TRIZ will have a chance to contribute when there is a real engineering
problem or when the problem is expected. This relationship is often regarded as a
passive relationship. This study attempts to verify that the above-mentioned relation-
ships are made more active by increasing the interaction, and that the technology
systems we want and planned are optimized more quickly.

1.2 Patent Information

Patents and their legislation have different standards and operating systems in different
countries. This paper briefly examines the meaning of patent information in the US
patent system as an example and introduces the basis of what this paper uses. Nor-
mally, when a patent application is filed with the US Patent and Trademark Office
(PTO), it is firstly confirmed whether the PTO’s employee conforms to the format
required for the application, and an examiner will be appointed to examine the relevant
technical field. The examiner will first look at the specification and the claim, and find
that the invention is ‘35 U.S.C. §101’ of the patent. The examiner shall review the
details of the description and review the prior art after reviewing the conformity to the
requirements for registration (35 U.S.C. §112). The examiner will review the research
result to see if there is a “novelty” (35 USC § 102) and “unobviousness” (35 USC §
103) and then decide whether to issue a patent or reject it.

“The specification shall contain a written description of the invention, and of the
manner and process of making and using it, in such full, clear, concise, and exact terms
as to enable any person skilled in the art to which it pertains, or with which it is most
nearly connected, to make and use the same, and shall set forth the best mode con-
templated by the inventor of carrying out his invention.” This is summarized in (a) a
“written description” requirement, (b) a “enablement” requirement, and (c) a “best
mode” requirement. Here, the enablement requirement can be divided into the “how to
make” requirements and the “how to use” requirements, which will enable a person
skilled in the art to make and use an invention It should be taught in the specification.
The case is explained as follows.

“To be enabling, the specification of a patent must teach those skilled in the art how
to make and use the full scope of the claimed invention without ‘undue experimen-
tation.’” In re Wright, 999 F.2d 1557, 1561 (Fed. Cir. 1993).

In the end, it can be seen that the patent information contains essential components
for its specific function, performance implementation and technical effect, its interac-
tions and concrete examples. Analyzing one patent means analyzing one technology
system. The elements constituting the claim are components of the technical system,
and the contents described in order to obtain the function and performance describe the
interaction of the components.
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1.3 Use of Patent Information and Problem Solving

Patent information having the legal requirements described above has been utilized in
various ways by industry.

1.3.1 Prior Patent Research (PSR)
Before proceeding with research and development, basically, developers list up the
products to be used for business planning or R & D and the technologies used in the
products and perform ‘Prior Art Research’. Researchers look for the presence of prior
art or patents that are the same or similar to the technology of interest. If there are
patents that are substantially the same as or similar to the technology of interest in the
results, a review of the patent matter should be done first.

The person in charge of the assignment judges whether or not to do ‘Design
around’ to solve the patent problem. Another example of use is that prior to filing the
invention with the Patent Office, the inventor or the patent expert of the company
conducts ‘Prior Art/Patent Research’ and judges whether the application is filed at the
Patent Office according to the result of the review.

1.3.2 Patent Map (PM)
Company researchers or planning departments use patent information to prepare new
projects or to investigate industry trends. It draws a kind of map with time and tech-
nology center with patent information. The company searches and analyzes the patent
information on the subject such as country, competitor, product, technology, specific
researcher, period, region according to purpose. The results of this research provide
information that suggests the flow of development of a specific technology, a tech-
nology strategy of a company, a patent strategy, a portfolio of a business, or a future
product. It also allows you to predict which researchers are organized and when new
features will be added to which products.

1.3.3 Function Oriented Search (FOS)
FOS is one of the useful problem solving methods to find out from various information
(resources) when there is a task to be solved or a function required in one technical
system is determined.

FOS is similar to ‘Prior Patent Search’, but it defines the function to be searched
and performs function-oriented research. Function-Oriented Search (FOS) is a problem
solving tool based upon identifying existing technologies worldwide, using function
criteria [1]. If the problem (task) to be solved is defined, investigate whether there is an
identical or similar case attempted for the problem solving (function). The flow consists
of four steps and there are detailed steps. As an example, proceed as follows. Each step
can have sub-steps.

Table 1 shows that the FOS is modified to correspond to the patent database. The
following table shows a brief table of methods and procedures that I use mostly.
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The Function-Oriented Search is to find the problem and the functions, hits, or
principles needed to solve it. However, if there is only a principle or function itself to
solve the contradiction, new sub-problems may arise in the process of using them. So
far, the purpose and effects of some cases of using patent information can be basically
summarized as a process in which a rough technical system is defined, finding a
comparative object, or finding similarities of some of the functions.

There are various examples and studies that TRIZ is very useful as a tool and
method for dealing with patent problems [4–7]. It has also been verified through
various attempts and exploits that patent information is useful for solving problems
[15]. In this paper, we are going to use patent information to solve the problems of the
existing technology system, that is, the initial conceptual design to achieve it when a
new function or performance is required.

1.4 New Threat of Patent Information

The obtained patent information is beneficial but at the same time has new risk factors.
Because patents are information that is proprietary to the technology for a certain
period of time, users should be very careful according to their usage patterns.

There are a number of studies that use TRIZ to solve problems in patent disputes
[18–20]. There are cases where research results are used in practice. However, the fact
that the problem is resolved in the solution of the patent law and commercial problem
solving are often different. It is desirable to judge whether all problems or tasks are

Table 1. Function-Oriented Search (FOS)

Main Steps Sub Steps Guidance

Definition of
main function

Definition of key issues to be solved
Define the function to be performed Combination of words to be

searched and search
expression

Generalization
of function

Change function to be performed to
generalized function

What (subject) + predicate,
maintenance or change of
parameter

Key word extraction from the point of
substance-function-problem

Find case and
idea

International patent (technology) survey Using patent classification
table

Selection of Leading Area Selection of industry group
that is widely used by
quantitative analysis

Create solution Select the most suitable
technology/solution to perform
necessary functions
Identification of possible problems in
applying selected technology and
application of solution
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solved based on the actual profit or value obtained from the whole point of view. It
should not be judged simply by technically solving the problem. Simply implementing
the desired functionality and performance does not solve the problem. The solution
should not create serious subsequent problems. In particular, if the contradictory
solution or concrete solution created or presented by the TRIZ expert infringes the
patent of the third party, it becomes a new big problem. If a new problem can not be
resolved in a timely manner, or if the resources and costs needed to solve it exceed the
problem owner’s expectations, then the attempted solution is not a solution. Therefore,
when dealing with patent information, it should be cautious of the claim.

Patent information is the best information resource that must be utilized in the
process of solving technical problems. The reason was verified by case and theoreti-
cally. In particular, there is the usefulness of patent information at the point of con-
ceptual design without concrete problem situations. It is one of the implications of this
paper that the existing application area extends to a wider area. The solution derived
through this process will have both applicability and patentability at the same time.

2 The Reality of the Planning of a Typical New Product
or System

Research and development of most technical systems starts with people’s needs.
Whether it is convenience, comfort, or pleasure, it comes from seeking something
better developed from the current state. A technology system that people are currently
using or have experienced in the past is the starting point. It may not be a problem of
the present technology system itself. It is a new requirement and expectation for
technical systems by a human.

2.1 Design Motivation for New Systems

Voice of Customer (VOC) and Voice of Business (VOB) have similar and different
appearance, but individual keywords are the same. That is, the new functions,
improved performance, convenience, low price, and new value are the keywords. In
this case, low price has a difference in terms of suppliers and recipients in ‘manufac-
turing cost’ and ‘purchase price’, but the essence is the same. Specific efforts or
attempts to reach new demands or expectations are made in the laboratory. The
problem is that there are various constraints and new problems in the process of such
efforts or attempts. Development period, quality verification, product price, manufac-
turing cost, technology barrier, patent problem, and the like.

Especially when the new expectations are beyond the developers’ experience, skills
and knowledge. Sometimes the content and desired level of a technical problem goes
beyond common sense. These situations can be called contradictory situations.
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2.2 New Needs and New Challenges

Most of the work in the laboratory of the company is the extension of the existing
company’s products. Much of the additional functionality and performance enhance-
ments are made. However, when existing products do not meet the ongoing needs and
expectations of customers in the marketplace, or when the appearance of alternative
systems is anticipated, new challenges arise. Also, when a competitor has already made
a new product and put it on the market, it will reach similar difficulties. Sometimes it
can be a challenge to develop without causing conflicts with competitors’ patents.

Difficulty here can mean that developers need to work with new approaches and
other unfamiliar ways. It may be a situation that requires different approaches and new
methods and efforts compared to the technology, experience and knowledge contained
in the current product. In many cases, the company may be in a situation where it needs
to establish new business strategies or plan new products. It is foolish to expect new
products using the same methods and materials [Albert Einstein].

2.3 Beginning and Limitations of Conceptual Design

In order to develop most new products, concept design will be done first. It is prac-
tically very difficult to manufacture a product with a complex technology system in a
single attempt. In particular, the needs and expectations of customers are often unclear
in the marketplace, and sometimes requests or expectations from managers are frus-
trating for developers. Researchers strive to establish clearer technical goals from
VOCs in the market and from VOBs of managers. The beginning of conceptual design
is designed by a few people who are rich in experience, knowledge and skills relative to
the business or product or technology involved in the organization. They define the
approximate composition, function, and performance of a product that reflects more or
less specific requirements from VOCs and VOBs. Most companies prepare their
business and products with a long-term plan. Predict market and technology trends and
develop key technologies in advance, bringing new products to market in a timely
manner. There are prepared developers and engineers in this process.

At times, however, there is no planner suitable for the company. Even if there are
designers who have similar experience and knowledge, it is difficult to predict the
actual technical problems that will be encountered in developing the conceptual designs
made by them and developing them to make actual products. Many issues remain, such
as the required period of time for the final product to be made, money, developer, major
component supply, and so on. In actual product development, it is very difficult to
obtain results that satisfy both VOC and VOB. Developers study functionality and
performance as final goals, and product planners plan products for sales and profit.
Products with potential problems are under development. Most of the time when the
market demands and the timing and methods of supplying are inconsistent. Therefore,
despite the fact that many products are planned in technology management, the pro-
portion of products that are successful in the market is very low, so that there are cases
in which it is not certain whether a product that succeeds in actual market is thoroughly
planned. Figure 1 is an example of statistics showing this situation.
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These results, together with the need for the development of a new methodology,
continue to analyze the successful cases of the relatively good group and make them
more aware of the need for active use. Many researchers have attempted to combine the
potential difficulties of conceptual design with a variety of methodologies to solve
problems and errors in the process. Samsung incorporated several research method-
ologies, including ‘Technology Road Map’ and ‘Technology Tree’ around 2000.

In addition, research has been conducted on how various methodologies can be
applied in the process of delivering products and services from mid- and long-term
business planning to customers. Figure 2 shows the appropriate time for the various
methodologies to be used step by step throughout the entire R & D process [22]. Here,
‘Technology Tree’ has a feature that combines ‘Logic Tree’ and ‘Technical classifi-
cation’. It means that the technology and the components of a technology system are
structured logically and systematically.

‘Technology Tree’ can be a good tool to systematically view the current technology
system, to improve the technical system by grasping the level of research field, element

Fig. 1. New product failure rate [2]

Fig. 2. R & D process and methodology of research methodology [22]
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technology, adding or removing new functions, and reducing manufacturing cost.
Figure 3 is a conceptual diagram that predicts which element technology needs further
research and which product is likely to be applied [22]. Interaction or combination of
these methodologies can be a good approach for predicting future products or selecting
targets for strategic technology development. In addition, by combining ‘Quality
Function Deployment’ and ‘Technology Tree’, VOC can be easily converted into an
engineering language and contribute to understanding the related element technology.
However, it does not provide the necessary methods, hints or layouts for designing new
products for new VOCs or VOBs.

In the field of TRIZ, various methods and applications of tools and new attempts
are continuing. It is not a real solution if existing methods create new problems or have
potential problems. In Part 7 (7.2) of ARIZ [3], Altshuller asks whether each solution
meets the requirements of IFR-1. Recently, Pahl and Beitz proposed the hybrid method
of TRIZ method and SDA (Systematic Design Approach) [12]. Fundamental under-
standing of conceptual design, safety and problem solving resulted to a systematic yet
simple optimization process simultaneously changing the perspective of creative
problem solving as a whole [12].

Segmenting the system and structure of a prototype into F3(Form-Fit-Function) can
help designers plan and organize resources, such as technology concept, incorporation
of new materials and time taken to develop the system pertaining to the constraints
[13]. The combined methodology of TRIZ with the constraint-based approach san-
guinely increases the capability to design with constraint management [13]. Also, an
integrated model of the Conceptual Design Process was presented, which is based on
QFD, Functional Analysis and TRIZ [9, 10]. Here, the information obtained during the
Functional Analysis was used to identify the product structure which reveals the
technical parameters needed for the QFD process [9]. This is very useful in deriving the
functions required in a technical system in conjunction with a contradiction matrix.

Fig. 3. Technology Tree application in Technology Roadmap [22]
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Another attempt has been proposed by the Analytical Hierarchy Process (ARI) to
enhance the three main stages of the TRIZ methodology: problem definition, root cause
identification and solution generation [21]. There are also studies to explore the
symbiotic relationship between axiomatic design and TRIZ, to utilize the strengths of
each method, and to complement vulnerabilities [11]. However, there is a fundamental
need for professional experience such as various situations, constraints, and resource
analysis to be considered in conceptual design [14].

Until now, various methodologies including TRIZ have been integrated or partially
complemented. And the results obtained good results corresponding to the purpose of
each attempt. Normally, the company checks the business risk through ‘Freedom To
Operate Analysis (FTO)’ before the product is released to the market [15]. Likewise,
the final stage of problem solving requires patent analysis. In other words, we must
review whether the beneficial solution infringes the patents of third parties.

3 Additional Attempts at Conceptual Design

It is very useful to use some TRIZ tools, including essential patent information at the
stage of planning a product or technology system in terms of the final Goal and total
cost, before specific engineering problem exists. This procedure minimizes new risks or
problems in the use of the final solution.

3.1 Basic Flow for the Conceptual Design

An in-depth analysis of the product planning stage in conceptual design has (a) Iden-
tification of needs and opportunities, (b) Resource assessment, (c) Definition of a first
product requirement list to be updated during the design process [14]. The TRIZ-SDA
Conceptual Design Framework (CDF) consists of eight steps [16]: (a) Identifying and
Understanding, (b) Formulating Ideas and Finding Solution, and (c) Evaluating and
Confirming. Table 2 shows the flow of the method presented in this paper as 4 main
steps and 8 sub steps. This can be called patent information-based problem solving
(PIPS).

Table 2. Patent information-based problem solving

Main steps Sub Steps Guidance

Definition of functional requirements
in system

VOC & VOB review QFD, HOQ, ENV
Similar/basic system review Tear Down Review

(TDR) analysis
Gap information

Technology tree draft for target
system

Keywords list up based on
function

Generalization/search of the functions Prior art (patent) search World patent database, FOS

Patent information classification &
analysis

IPC. CPC, grouping

Developing solution Function analysis Trimming
Implementation the solution Resource analysis

Solution enhancement Patent apply & portfolio Claim structuring

248 S. Cho et al.



3.2 Detail Flow for the Conceptual Design

The flow of problem solving using patent information presented in this paper and
presented experimentally is explained in more detail as follows.

3.2.1 VOC and VOB Review
As at the roof of the HOQ are identified the contradictory relationships among the
design parameters, it seems straightforward to use these identified contradictory
parameters to find a link to Altshuller’s Technical Contradiction Matrix [9]. These can
be used to derive functional and performance words from the VOCs and VOBs that the
customer ultimately expects or requires. Of course, you can create a list using the ENV
(Element, Name of Feature, Value) Model. It is desirable to draw as many functional
words as possible.

3.2.2 Similar/Basic System Review
It is difficult to design a new technology system from the start with general knowledge
and skills. Therefore, it is recommended to find a system that is similar to the function
and performance currently required. If the actual product is obtained, test the function
and performance before disassembly, and obtain the gap information of required
function and performance. Then, the decomposition process is performed while
sequentially estimating the components and functions. This Tear Down Review
(TDR) analysis can be a very important process in determining functionality, perfor-
mance, structure, components, materials and pricing information from a similar system
to a new target system. Electronic components provide individual manufacturers and
pricing information, and PCBs can infer module-level functionality. It is appropriate
that TDR should be conducted by three or four people with different technical fields.

3.2.3 Technology Tree (TT) Draft for Target System
The purpose of this step is to extract the keywords for the function based search. The
structural approach to the construction of the technical system can be developed using
‘Technology Tree (TT)’. The ‘Technology tree’ is a method to define functions for the
purpose of the system and to organize the detailed functions for implementing the
functions and the components for creating each function. When the objective function
of a new technology system to be created by a new requirement or need is roughly
defined, subdivide it into main functions and additional functions and list the config-
urations for making each function. Although TT itself does not provide a clue for new
ideas or solutions, it is useful for understanding the components for exploring new
technology systems as functions. Figure 4 shows the development of the basic TT. TT
can be diagrammed with function and performance list, gap information obtained from
TDR analysis, unit module information of similar system, component parts, function
and performance information.
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3.2.4 Prior Art (Patent) Search Based on Function
The TT, which is primarily made, is partially completed with functions and capabilities
to meet customer needs and expectations. In other words, there are situations where
functions or performances that can be obtained or completed by existing similar sys-
tems, as well as features and capabilities that are missing or lack items. Here, function-
based keywords for searching prior art and patents can be extracted. Create a function-
based keyword for each function, and separate the function to be created and the
function to be created, respectively. The patent searches are conducted through
function-oriented keywords according to the number of kinds of functions to be found.
Patent information is provided by the patent office of most countries. Apply FOS well
known in TRIZ field.

3.2.5 Patent Information Classification and Analysis
The prior art and the patents found are classified according to the presence or absence
of the function. Regardless of the classification, additional procedures should be fol-
lowed if living patents are consistent with the functionality and performance within the
TT Draft. The discovery of the problem patent and the procedure for solving it can be
done using the procedures and tools of the previous studies using TRIZ [18–20].

The degree of completion of the TT Draft can be increased from the patent
information found. First, it is necessary to partially complement the functions and
performance learned through the TDR of the similar system to improve the com-
pleteness. Functionality and performance inferred from the characteristics or shape of a
component may occasionally include errors. It is necessary to analyze the interactions
between the components and the components necessary for implementing the existing
functions and performance before implementing the new functions and performance.
This is essential for resource analysis of the configuration that a subsequent existing
system requires and for analyzing interactions between new components for added
functionality and performance implementation.

Then analyze patents for missing or incomplete functions in the current TT Draft.
Similar configurations will be found in different patents from those described in detail

Fig. 4. Technology Tree [22]
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for the same or similar functions from multiple patents. From this patent information,
we raise the level of completion of TT.

3.2.6 Function Analysis
Based on the completed TT, it is possible to analyze the interaction relation with the
components, that is, the function analysis of TRIZ. It is possible to derive the technical
contradiction and the physical contradiction through the interaction relation between
the added component based on the existing component and the existing function and
the newly added function. Trimming through system analysis, system optimization can
be performed subsequently.

3.2.7 Implementation the Solution
The patent information used in the process of this step includes a detailed description of
each functional implementation. Thus, such information is the source of information
that implements the functionality and performance of the intended technology system
without further experimentation or special difficulties. In addition, the functional
analysis is deepened, and the system is optimized by performing resource analysis on
the components. Subsequent steps will improve the system’s completeness through
partial detail design if necessary.

3.2.8 Patent Apply and Portfolio
In addition, the function of patent application and its components are easily extracted in
the process of classifying and analyzing patent information. New patents are created,
including interrelated configurations. New variations of patents can be made in various
combinations of candidate components in functional implementation.

4 Case Study

The case of this paper is a case based on VOC or VOB at the business planning stage of
the company or university and individual business. Most of the cases are undergoing
the development stage for actual commercialization after the planning stage and also
the patents have been made. In addition to the following examples, drone, cosmetics,
and mechanical systems were also useful for solving real problems and developing
patents.

4.1 Case (1) Video Image Problem of Surveillance Camera for Outdoor

The needs of external customers, VOCs, are addressing the problem of losing specific
surveillance areas caused by reflected spotlight problems. Most surveillance camera
manufacturers have responded to these customer requests to understand them as
physical phenomena. It is also installed in a lower area than the installation position in
the surveillance camera installation and surveillance area. Despite various attempts to
solve the problem, the solution was not obtained. There was a solution that showed
some effect, but it was not applicable because it caused a lot of manufacturing cost and
it affected profit and loss. The problem was that both VOC and VOB were not resolved.
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Figure 5 shows the ‘Reflected spot light’ problem situation. External installation
The surveillance camera sometimes monitors higher than the camera installation
position to monitor a large area. The figure illustrates the problem that occurs.

In accordance with the procedure presented in this paper, we performed camera
disassembly and function development of our company and competitors, and followed
FOS according to the keywords. The patent search did not provide information on the

Fig. 5. Reflected spot light problem situation

Fig. 6. TDR and problem analysis, solution principles and results
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required function implementation. I found information on physical phenomena at
Goldfire. However, there is no implementation example, so we tried to analyze the
resource for implementing new function. Figure 6 illustrates an example of application
to real products based on similar phenomena. And Fig. 7 shows the actual images
comparing the post-war situation according to the application of the solution.

Case 1’s solution has been patented and registered in several countries including
the United States [23]. Although a new alternative has been introduced to the market as
a replacement for the structure with a transparent cover removed, the technical problem
that has not been solved for a long time has been resolved. This has shown that the
difficult problem that the company has long given up solving can be solved through
TRIZ.

4.2 Case (2) Large-Area Graphene Transfer System Problem

In 2010, Andre Gamem and Konstantin Novoselov won the Nobel Prize for physics for
separating graphene from graphite and became known worldwide. At that time, we
were jointly developing large area graphene synthesis technology for commercializa-
tion. As shown in Fig. 8, the graphene is synthesized and subjected to a transfer
process for actual use. The third party had patents on these processes. There were
situations with high royalties and some physical problems. This task was a problem of
patent problem solving and improvement of manufacturing method based on VOB.

Fig. 7. Comparison of effectiveness of solution application
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The serious problem is that the current process is a graphene with a thickness of
0.2 nm, (1) Degradation of surface properties of graphene after transfer, (2) Surface
damage of graphene due to mechanical pressure of roller, (3) the graphene to control
the gap and the contrast roller. Since the patent has been started, TT was created
through TDR and claim chart of experimental manufacturing equipment. The patent
search provided a technique for manufacturing thin plates using rollers, but it was not
suitable for handling the thickness of graphene. Finally, in the conceptual diagram
obtained from TDR as shown in Fig. 9, a method of attaching different thin plates in a
physical and non-contact manner was devised from a device for cleaning the surface of
the thin plate with the air included in the thin plate manufacturing process.

Case 2’s solution was filed and registered as a patent in several countries, including
the United States [24]. Based on this conceptual design, several processes have been
further improved and additional patents have been filed. The solution to this task is to
be set up as a subsequent process necessary to produce large area graphene.

In addition to the above examples, many cases have been based on the present
study and a good solution has been obtained.

Fig. 9. Conceptual diagram of sheet metal attachment using air pressure

Fig. 8. Concept of transfer method after synthesis of graphene
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5 Conclusions

It is a bit hesitant to define a good problem solver or an appropriate methodology to
solve a problem well in a skill area that is familiar to them. It is a true TRIZ expert’s
role if you find clues in solving unfamiliar technical areas and finding and providing
directions and technical principles and resources to solve problems.

VOC, VOB, new business planning, concept design of new products, product
configuration in the basic design phase, problems of technical design and technical
implementation, there have been various studies and efforts to solve this problem.
Rather than new research, it is necessary to use them well and settle and spread with
more general methodology. This paper shows how the features of patent information
are used in such a process to obtain useful results in the industry and the possibility.

The result of the patent information survey can be expanded to add new resources
or analyze in-depth system resources (derivative resources, modified resources),
modification of purpose, etc., depending on the presence or absence of necessary
information.

When the required end customer’s demand and expected function or performance is
set, the technical patents are searched in the patent as the preparation for the technical
system design to implement it. In the analysis process, the technology system to be
implemented by functional analysis of TDR, Technology Tree and TRIZ We have
shown that it is advantageous to classify the necessary functions and to use patent
information for empirical information to implement each function.

An additional research task is the attempt to conceptualize a future technology
system using patent information, such as new material and its characteristics, new unit
module, etc., which have the potential role of resources to create a new technology
system of the future.
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Abstract. A wearable external defibrillator is usually an option for all patients
at risk for sudden cardiac arrest (SCA) for whom the very invasive surgery
intervention to implant an internal defibrillator is not viable. The metallic pad-
dles that convey the electrical discharge have to stay attached to the skin for
effectiveness of the device, but such a solution presents several problems, i.e.
lack of comfort, difficulties in usage for overweight people, skin rash and burns,
itching, sleep disturbances. Moreover, the vest be removed to shower or bathe.
As a result, many patients stop using it, putting themselves at a very high risk.
Such a system presents a lot of issues and contradictions and an effective use of
TRIZ methodology could be very helpful to identify the needed improvement
actions. The present paper will show a case study model developed for the first
TRIZ Barcamp, with strong focus on the modelling peculiarities required by a
very short session, the ideas generated by the participants and the learnt lessons.

Keywords: Wearable defibrillator � Barcamp � Contradictions � Functional
analysis

1 A TRIZ Session for a Wearable Defibrillator

1.1 The TRIZ Barcamp Experience

The present paper will show a case study model developed for the first TRIZ Barcamp,
focusing on the modelling peculiarities required by a very short session; also the ideas
generated by the participants and the learnt lessons will be discussed. The first TRIZ
Barcamp took place in Fulda, Germany, in Februar 2018, organized and led by the
TRIZ Akademie, following the international format spread by the Barcamp Interna-
tional Network [1]. Originated in the Information Technology field, especially for web
application, this unconference concept spread very fast to many other fields.

The content of such an open workshop is chosen at the beginning of the session by
the participants themselves.

During the TRIZ Barcamp, attended by*25 people, different topics were presented
introduced at the very beginning, presented as problems to be tackled by means of TRIZ;
every short oral presentation was actiually actually a call for participants, where the
number of people, the level of needed TRIZ expertise and the approximated required
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time were stated. After the brief topic introductions, the participants declared their
interest and willingness to attend the dedicated session (about 20 min 45 min each), and
both the content and the agenda of the workshop were organized accordingly.

1.2 The Wearable Defibrillator Session

The wearable defibrillator topic was proposed and selected by the Barcamp participants
for a 20-min 45 min session, for which all level of TRIZ expertise were welcome. It
was introduced explaining which kind of patient need such a device and the issues it
poses, as explained in detail in Sect. 2. Since a very short time was allocated for the
Barcamp exercise, the TRIZ modelling phase had already been sketched during a pre-
work session and presented to the participants. The proposed TRIZ tools to be
dynamically selected for the problem-solving tools were Physical Contradictions and
Substance-Field modeling. A Function Model was also prepared, to serve as an
example and guideline. Goal of the workshop was to identify solutions as effective as
the implanted defibrillator, but with a lesser degree of invasiveness; the workshop was
kicked off posing no boundary to the kind of ideas and with the statement that ideas
were to the be released and published afterwards.

2 Wearable Defibrillator: Importance and System
Description

The wearable external defibrillator is regarded as a valuable option for all patients at
risk for sudden cardiac arrest (SCA). Many cardiovascular conditions require contin-
uous monitoring and the possible intervention with a defibrillator, i.e. recent myocar-
dial infarctions, inherited arrhythmias, and congenital heart diseases [2–6]. The usual
way to prevent a sudden arrhythmia in a patient is to implant an internal defibrillator,
with a very invasive surgery intervention. When surgery is not possible or before it, the
wearable defibrillator offers an alternative. This solution nevertheless poses issues that
impair its long-term usage and effectiveness. A substantial improvement of such a
system would be of major impact also for patients with limited access to healthcare for
geographic and economic reasons, i.e. the ones living in rural areas, and the ones for
whom surgery is an economical challenge.

The system typically [2–6] comprises a lightweight vest, a monitoring system and
the necessary electrodes to perform the monitoring function and to convey the electrical
discharge when an anomaly is detected, as shown in Fig. 1.

The usual reported problems are:

• The person wears the defibrillator all day, but it must be removed to shower or
bathe, exposing the patient at risk

• The electrodes need to press against the chest firmly enough to detect heart rhythm
changes, but not so tightly that they trigger false alarms

• The defibrillator vest is not comfortable
• It is difficult to use if person is overweight
• Up to one in five people stop using it because of: skin rash, itching, sleep distur-

bances, skin burns
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These issues represented the starting point of the TRIZ modelling effort, explained
in Sect. 3.

3 Wearable Defibrillator: Main Aspects and TRIZ Modelling

In addition to the well-known disadvantages listed in Sect. 2, the main aspect that can
be expressed as an Engineering Problem is the following: the metallic paddles needed
to convey the electrical discharge have to stay attached to the skin for effectiveness of
the devices; nevertheless such a solution is not practical since the metallic material
damages the skin in the long run. This disadvantage has a very localized operating zone
and depicts a harmful interaction; it can be thus very effectively modeled by means of
Physical contradictions and a Su-Field Models, as shown in details in Sects. 3.1 and
3.2. Those models were prepared as a pre-work prior to the Barcamp day; the 20 min
45 min session would have not allowed both a modelling and a problem solving stage,
so it was preferred to involve the participants in the latter only; the two chosen
modeling approaches, being the Su-Field model visual and the physical contradictions
focused on the core physics of the problem have been also proven to be the most
effective for very short sessions, especially when the participants have little or no
previous TRIZ experience [7].

3.1 Physical Contradictions

The physical contradiction presented to the session participants was formulated as
follows:

Textile vest (belt, straps) 

Electrodes 

Battery pack and 
monitoring system 

Fig. 1. Sketch of a typical wearable defibrillator.
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Electrodes SHOULD BE attached to the skin
to monitor heart and convey electrical discharge
Electrodes SHOULD NOT BE attached to the skin
not to irritate, damage or burn it

The workshop participants immediately observed that the approach Separation in
Space was not an option, being the electrode placement fixed; nevertheless they rec-
ognized quickly that the requirements to fulfill could be expressed as two functions:
Monitoring and Convey Electrical Discharge, to be delivered at two different times; a
more precise modelling would have demanded to address the two operating modes
separately. For this reason, the physical contradiction was refined and split accordingly:

Monitoring Function
Electrodes SHOULD BE attached to the skin
to monitor heart
Electrodes SHOULD NOT BE attached to the skin
not to irritate or damage it
Restart Heartbeat Function
Electrodes SHOULD BE attached to the skin
to convey electrical discharge
Electrodes SHOULD NOT BE attached to the skin
not to irritate, damage or burn it

3.2 Substance-Field Model

The most acute harmful interaction occurs between the defibrillator paddles (elec-
trodes) and the skin; during monitoring because of the mechanical friction and during
the electrical discharge because of the electric current and the associated thermal field,
as summarized in Fig. 2:

Fig. 2. Substance-field model for a wearable cardioverter defibrillator (WCD): the electrode
paddles generate mechanical friction, electric conduction and heat, damaging the skin (harmful
interaction).
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3.3 Functional Analysis

This function model was briefly presented to the participants, mostly for illustrating
purposes, to showcase this approach to the newbies and as a back-up for future
inspiration. It reported in Fig. 3, where the System component are depicted in green,
the Supersystem ones in blue; the Target of the main function is highlighted in cyan; it
is composed of heart muscles, heart electric field and blood for simplicity of modelling.

4 Idea List Description, Discussion, Open Points

Many ideas (*20) were generated (Fig. 4) and subsequently grouped according to the
kind of proposed intervention.

Modify Vest

1. Use an actuator that compresses shock electrodes on the skin only when arrhythmia
detected, using same mechanism (pump) that pushes conductive gel to attach
electrodes

2. Use segmented pads: single pad surface so small that skin not damaged, with many
small contact surfaces, like lotus-effect or gecko-foot

Fig. 4. Generated ideas
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Modify Monitoring

1. Monitor also through blood pressure
2. Monitor by means of a smartwatch-like device (recognized in a commercial product

in November 2018)

Minimize battery size for low weight Vest

1. Use smaller battery + condensator
2. Make it chargeable with net current, auto with a sensor signaling when recharge is

needed
3. Use piezo-actuators with body movements

Use other fields (not electrical)

1. T-Shirt with monitoring + mechanical cardiac massage
2. Use piezo-strips for the abovementioned cardiac massage
3. Restart heartbeat not with an electrical shock, but with acoustic field
4. Restart heartbeat not with an electrical shock, but mechanically
5. Activate heart muscles with other impulses (e.g. microwaves?)
6. Use a mixed approach, implementing a smaller shock + mechanical cardiac

massage

Act on ECG

1. Produce an artificial ECG
2. Study energy optimization of the needed electric pulse: amplitude & duration

Use another substance S3* between pads and skin to improve conductivity –

Modified T-shirt

1. Just under the electrodes use a patch of special textile that gets conductive when wet
conductive gel is pumped on it

2. Use a mixed textile: e.g. combination of cotton + metal (Fig. 5)

Fig. 5. Function model of a solution
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Use another substance S3* between pads and skin to improve conductivity – use
available body fluids

1. Blood
2. Sweat
3. Skin Moisture

5 Conclusions: Lessons Learnt

The conclusions can be grouped in two categories: First the immediate observations
and the feedback of the participating group, second the observations from the external
viewpoint of the TRIZ-facilitator.

Conclusions from immediate observation and feedback:

• The number of ideas and the engagement of the participants confirmed the effec-
tiveness of visual methods like Su-Field models and Physical contradictions

• TRIZ-initiated participants appreciated the pre-prepared modelling effort and
enjoyed the creative process

• Non-TRIZ experts were intimidated by the TRIZ-jargon and expressed their wish
for more background information about the topic, that resonated quickly but the
impact of which needed to be better clarified

• During the idea generation process the time was too short to address more technical
questions, i.e.: how much energy is needed for a defibrillator discharge, which is the
maximum time window for defibrillator intervention and how many people are
affected.

Conclusions from external observations from the viewpoint of TRIZ-facilitator/
moderator:

• For short TRIZ sessions it is crucial to have a thoroughly prepared problem analysis
to point out the crucial key problems to be addressed during the session. The
Innovation Situation Questionnaire [8] could be used for preparation. The goal of
the session and the desired solution space need also to be defined.

• The use of graphical representations is extremely helpful for explaining context and
correlations regarding the system structure (TRIZ Function Model) or the problem
situation (Substance Field Model, Contradictions). These tools, when used with
common language, are also understandable for the “TRIZ-newcomer”.

• The language and syntax used in the TRIZ Function Model helps to quickly
understand the system structure and interactions, enabling participants from all
different kinds of knowledge background to collectively focus on the task at hand.

• The TRIZ solution models (e.g. Standard Solutions, Inventive Principles, Separa-
tion Principles) need explanation or even re-wording by the moderator, ideally also
prepared in advance. Examples for the problem models help understand the
underlying meaning of the solution model and help overcoming the psychological
inertia and look in different directions offered by TRIZ. Unmodified use of e.g. the
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standard solutions is likely to alienate the TRIZ newbie, making it harder to focus
on idea generation because it takes time to figure out what the solution model is
about.

• The role of a moderator is mandatory, especially for short, focused TRIZ sessions. It
is compulsory that the process of the TRIZ session is monitored as well as the
discussions between the participants. Especially short TRIZ sessions need a “game
plan” and a structure beforehand, balancing time for analysis, discussion, free
association and guided idea generation with TRIZ tools. Discussions between the
participants need to be monitored and limited if necessary, to stay on track. If TRIZ
newbies are participating, it is even more needed to have a “translator” for the
TRIZ-specific syntax and wording.

The generated ideas were encouraging and it is planned to look for practical
implementation of the most promising concepts.

Acknowledgments. The authors would like to thank Ms. Paola Mainardi for passionately
raising the topic during a TRIZ discussion and Dr. Raffaella Boise for her engaging lecture about
cardiovascular diseases.
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Abstract. Growing demands for cleaner production and higher eco-efficiency
in process engineering require a comprehensive analysis of technical and
environmental outcomes of customers and society. Moreover, unexpected
additional technical or ecological drawbacks may appear as negative side effects
of new environmentally friendly technologies. The paper conceptualizes a
comprehensive approach for analysis and ranking of engineering and ecological
requirements in process engineering in order to anticipate secondary problems in
eco-design and to avoid compromising the environmental or technological
goals. For this purpose, the paper presents a method based on integration of the
Quality Function Deployment approach with the Importance-Satisfaction
Analysis for the requirements ranking. The proposed method identifies and
classifies comprehensively the potential engineering and eco-engineering con-
tradictions through analysis of correlations within requirements groups such as
stakeholder requirements (SRs) and technical requirements (TRs), and addi-
tionally through cross-relationship between SRs and TRs.

Keywords: Sustainable innovation � Eco-design � Process engineering �
Quality Function Deployment � Importance-Satisfaction Analysis

1 Introduction

Development of green and efficient intensified process technologies in process engi-
neering (PE) plays a fundamental role in society and global economy. Moreover, with
the increasing interest towards sustainable innovation design, anticipating possible
negative side effects either of technical or environmental origin becomes more
important in the early phase of innovation design and process development [1].
Numerous approaches, methods and tools have been developed in the last decades to
support the sustainable and environmentally friendly product and process development,
as presented in the reviews [1, 2]. To the well-established one belongs the concept of
Eco-Design, which is defined by the International Standard Organization (ISO
14006:2011) as “integration of environmental aspects into product design and devel-
opment, with the aim of reducing adverse environmental impacts throughout a
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product’s life cycle”. In the field of process engineering are well known the Green
Process Engineering [3], Process Intensification [4], and Process Design for Sustain-
ability [5]. Nevertheless, the process innovation activities in industrial companies are
still usually driven primarily by costs and quality concerns. As a result, both ecological
and technical problems subsequently lead to increase of capital expenditures (CAPEX)
and operating expenditures (OPEX) [6]. Therefore, the comprehensive sustainable
innovation in process engineering should lay much greater emphasis on higher pro-
ductivity and quality, as well as on lowering environmental footprint and increasing
resource and energy efficiency, as illustrated in Fig. 1.

The success of any innovation process depends on how its outcomes meet the needs
and expectations of all beneficiaries – in first place the customer groups, and other
internal and external stakeholders of industrial companies. The Process Mapping
method for systematic and comprehensive identification of engineering and stakeholder
requirements in process engineering is a part of the Advanced Innovation Design
Approach for PE [7]. One of the widely used methods for collection and evaluation of
the customers’ priority criteria in innovation design is the Quality Function Deployment
(QFD) with the concept of the Houses of Quality (HoQ) as its core part [8]. QFD helps to
translate customers’ requirements into the corresponding technical requirements in each
stage of product development and manufacturing. Various models and applications of
the QFD are known in the literature [9–11]. In the field of eco-design, one should
mention in the first place the Quality Function Deployment for Environment (QFDE)
[12]. However, the practical QFD application for process intensification and environ-
mental innovation in process engineering remains relatively seldom in comparison with
the product innovation. Therefore, the presented paper conceptualizes a new method
based on integration of the Quality Function Deployment approach with the Process
Mapping [7] and the Importance-Satisfaction Analysis of requirements [7, 13].

Process Mapping is an easy-to-use technique to identify problems and innovation
tasks, formulated as solution-neutral process intensification requirements. This method
involves breaking down of a complete industrial production process into process steps

Minimizing 
ecological  

impact

Reducing costs 
and increasing 

profitability

Intensifying
processes Tasks of 

sustainable 
innova on in PE

Decreasing capital and opera ng expenditures (CAPEX & OPEX)

Efficient
processes and 

higher product quality

Eco-friendly
process 

technologies

Fig. 1. Tasks and outcomes of sustainable innovation in process engineering
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to capture in each step the information on process equipment, processing methods,
input/output quality parameters, product, available resources, and environment, as
illustrated in Fig. 2. Process Mapping results in comprehensively capturing and ranking
of all existing problems, needs, requirements and possible improvements or opti-
mization opportunities of the technologies and equipment in each process step and in
production process in whole. It delivers reliable results for existing technologies or
well-known processes [7]. The systematically identified requirements and innovation
tasks can be separated in three major groups: (a) enhancement of positive functions or
properties; (b) elimination of harm or undesired properties, including environmental
impact; (c) raising degree of controllability, accuracy, and automation of the process.
The pair-by-pair comparisons of requirements allow to systematically identify all
possible engineering and eco-engineering contradictions [1].

The Importance-Satisfaction Analysis (ISA) is applied for requirement ranking and
for the fast and objective identification of the high priority process intensification
problems. The average values of Importance and Satisfaction are based on the inde-
pendent judgements of the experts. The concept of the QFD House of Quality is used
for a systematic identification and fast visualization of the positive and negative
interactions between technical requirements and functions (TRs) and requirements of
different stakeholders (SRs). In other words, the proposed method identifies and
classifies comprehensively the potential engineering and eco-engineering contradic-
tions through analysis of correlations within different requirements groups in complex
problem situations in process engineering. The paper introduces new metrics, such as
Synergy Index and Contradiction Index in correlations between SRs and TRs, which
can be used in optimization algorithms for selection of the process intensification and
innovation strategies.

Process N-1 Process N+1

• Posi ve main 
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func ons

• Missing func-
ons

• Nega ve func-
ons

• Posi ve
effects

• Nega ve 
effects

• Undesired 
proper es
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• Substances, 
material flows

• Fields, energy 
flows

• Time
• Space
• Informa on

• Physical state 
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• Reac ons and 

transforma ons
• Product flows
• Undesired 
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• Controllability 
of parameters

• Accuracy of 
process analy-
sis (PAT) 
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• Posi ve effects
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effects 
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Technical and solu on neutral requirements: enhancing posi ve func ons and effects; elimina ng 
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Equipment Processing 
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parameters Product Available 

resources Environment
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Fig. 2. Fragment of Process Mapping adapted from [7]
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2 Integrating Quality Function Deployment and Importance-
Satisfaction Analysis

The proposed method includes modifications of five phases of building the first House
of Quality, known in the classical QFD. These modifications, presented in Fig. 3, are
essential for the application in process engineering in general and for the requirement
ranking and Importance-Satisfaction Analysis in particular. In accordance to the
modification of the phase 1, the roof of the HoQ contains the TRs correlation matrix of
technical functions and requirements of process equipment and steps. In the phase 2,
the voice of the customer is rearranged into stakeholder requirements (SRs) with at
least two groups of requirements - the solution-neutral engineering requirements and
environmental issues. The interaction between different stakeholder requirements is
documented in the SRs correlation matrix. Both the TRs and SRs correlations matrices
indicate with the correlation coefficients cTR and cSR equal “−1” a possible negative
correlation (contradiction), with “+1” a possible synergy impact, and with “0” - a
neutral or unknown relationship between two requirements. Furthermore, the correla-
tions matrices are extended by the Synergy and Contradiction Indexes. These new
metrics characterize each technical function or requirement regarding its positive
impact (synergies) and negative impact (contradictions) on other TRs.

In the phase 3 the importance of each stakeholder requirement and its current
performance (defined as satisfaction with its fulfillment in existing process) is evaluated
by the experts from a stakeholders’ point of view using a scale from 0% to 100%
(100% - very high level of importance or performance, 80% - high, 60% - middle, 40%
- low, 20% - very low importance or performance). In accordance to the Importance-
Satisfaction Analysis [7, 13], the requirements with higher importance and lower
performance have a higher ranking in a process innovation strategy.
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Fig. 3. Modification of the House of Quality for requirements ranking in process engineering

272 Mas’udah et al.



The phase 4 comprises the cross-relationship analysis of the stakeholder require-
ments SRs and technical requirements TRs. The results of this analysis are documented
in corresponding cells in the body of the House of Quality. The cells contain the impact
factor F of each technical requirement TR on the stakeholder requirement SR. The
impact factor has a positive value from 0 to 1, if a TR increases the satisfaction with a
stakeholder requirement. On the other hand, the impact factor has a negative value from
−1 to 0, if a TR decreases the satisfaction with a stakeholder requirement. The simplest
and fastest way to classify a relationship for each pair of SRs and TRs is to apply the
binary method. In accordance to the binary classification, the YES-option (impact
factor F = 1 or F = −1) is applied if a SR is affected positively or negatively by the
corresponding TR. Whilst the NO-option (impact factor F = 0) is indicated if a TR
shows neither improving nor worsening effect on a SR.

Finally, the phase 5, includes the calculation of the total, positive or negative
relevance of each TR for all stakeholder requirements SRs. Additionally, the partial
relevance of each TR for a specific SRs group, for example the partial relevance of each
TR to the eco-requirements group, can be estimated in this step. The relevance values
of TRs identify technical functions with higher priority for process intensification in
order to fulfill the stakeholder requirements with higher ranking, as it has been defined
in the phase 3.

3 Illustrating Case Study

The proposed concept for integration of the Quality Function Deployment and
Importance-Satisfaction Analysis is illustrated below using an industrial case study
dealing with the ceramic powder granulation [14] as presented in Table 1.

Table 1. Function analysis of ceramic powder granulation (fragment of Process Mapping).

Process step Equipment Positive functions Negative functions and
harm

1. Raw
material
preparation

Piles and silos Maintain humidity of raw
materials prior to milling

– Humidity changes in
raw materials

– Blocking over bottom
part of silos

– Dust generation &
material losses

Excavator and
crusher

Reduce size of raw
materials

– Dust generation
– High energy
consumption

Scales Weigh raw materials – Inaccuracy of
measurement

– Dust generation

(continued)
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Based on the information collected by the Process Mapping, the creation of the
House of Quality and requirements ranking can be carried out in the following phases.

1. Generating a correlation matrix of technical requirements (TRs):
(a) Listing all TRs in each unit operation (process step and corresponding equip-

ment) identified by Process Mapping and Function Analysis.
(b) Classifying each TR to technical function (T), and to environmental function

(E) for further correlation analysis.
(c) Evaluating the correlations between TRs using (−1) as negative correlation,

(+1) as positive correlation and (0) as neutral correlation.
(d) Calculating the Synergy (is) and Contradiction (ic) Indexes for each TR

respectively as a number of positive (+1) and a number of negative correlations
(−1)

TR Synergy Index; is;TRx ¼
Xj¼n

j¼1
CTRxj CTR ¼ þ 1ð Þ ð1Þ

TR Contradiction Index; ic;TRx ¼
Xj¼n

j¼1
CTRxj CTR ¼ �1ð Þ ð2Þ

where:
is,TRx – Synergy Index of a technical requirement x;
ic,TRx – Contradiction Index of a technical requirement x;
CTRxj – correlation factor between technical requirement x and other TRs;
n – total number of technical requirements.

Table 1. (continued)

Process step Equipment Positive functions Negative functions and
harm

2. Wet milling Dosage tank Binds ceramic powders – Clogging/discharge
problem & Material
losses

Ball mill Mixes & homogenizes
powders

– High energy & water
consumption

– Fouling & blocking of
equipment

… … … …

6. Drying Spray dryer
unit

Dries slurry – High energy
consumption

– Fouling & blocking of
equipment

– Exhaust gas & material
losses

7. Utilities
processing

Cleaning and
treatment units

Clean facility and remove
dust; recycle waste water

– High cleaning efforts
– High water consumption
– Low quality of recycled
water
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As depicted in Fig. 4, the correlation matrix of TRs (CTR) presents Synergy Index
(is) and Contradiction Index (ic) of each technical function. For example, technical
function Drying slurry (process step 6) has a positive correlation with three TRs
(is = 3) and a negative correlation with other two TRs (ic = 2).

2. Generating a correlation matrix of stakeholder requirements (SRs):
(a) Listing all stakeholder requirements (SRs) based on Process Mapping results.
(b) Categorizing SRs to technical or engineering requirements (T), and to the

environmental requirements (E).
(c) Evaluating the correlations between SRs using (−1) as negative correlation,

(+1) as positive correlation and (0) as neutral correlation.
(d) Calculating the Synergy (is) and Contradiction (ic) Indexes for SRs respectively

as a number of positive (+1) and a number of negative correlations (−1)

SR Synergy Index : is;SRx ¼
Xj¼m

j¼1

CSRxj CSR ¼ þ 1ð Þ ð3Þ

SR Contradiction Index : ic;SRx ¼
Xj¼m

j¼1

CSRxj CSR ¼ �1ð Þ ð4Þ
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where:

is,SRx – Synergy Index of stakeholder requirement x;
ic,SRx – Contradiction Index of stakeholder requirement x;
CSRxj – Correlation factor between stakeholder requirement x and other SRs;
m – total number of stakeholder requirements.

In the same way as presented in Fig. 4, the correlation matrix of SRs (CSR) shown in
Fig. 5 also provides Synergy Index (is) and Contradiction Index (ic) of each
stakeholder requirement. For instance, the requirement on Reducing air pollution
has a positive impact on three SRs (is = 3) and a negative impact on two other SRs
(ic = 2).

3. Determination of SRs ranking using Importance-Satisfaction Analysis (ISA):
(a) Rating the current SRs importance (ISR) and satisfaction (SSR) with the fol-

lowing scale from 0% (lowest value) to 100% (highest value) with interval of
25%.

(b) Obtained importance and satisfaction mean values allow one to calculate the
ranking of each stakeholder requirement using the following equation [15]:

RankSRx ¼ ISRx þ aISRx ISRx � SSRxð Þ 1� SSRxð Þf gPx¼m
x¼1 ISRx þ aISRx ISRx � SSRxð Þf g ð5Þ

where:
RankSRx – ranking of stakeholder requirement x (SRx), %;
ISRx – importance level of SRx, 0 …100%;
SSRx – satisfaction level of SRx, 0 …100%;
m – total number of stakeholder requirements;
a – adjustment coefficient; a = 1 recommended for PE [7].
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If we define the “ideal process” as a process with all stakeholder requirements
satisfied to 100%, the ranking value RankSRx in the formula (5) corresponds to a
maximum contribution of one requirement to the growth of total process ideality
towards 100%. An example of problem ranking by one expert is illustrated in the
Table 2 below. Decreasing energy consumption has been identified here as the
highest priority requirement among other SRs.

4. Defining the cross relationship between TRs to SRs in the House of Quality:
evaluating the effect of each single technical requirement TR on stakeholder
requirements SRs, using simplified binary approach, as illustrated in the Fig. 6:

YES - if TR has an effect on SR, either improving (F = 1) or worsening
(F = −1);
NO - if TR has no influence on SR (impact factor F = 0).

Table 2. Example of stakeholder requirements ranking using Importance-Satisfaction Analysis.

Stakeholder requirements SRs Importance Satisfaction Ranking Eq. (5)

1. Reduce air pollution 75 50 1,4%
2. Decrease energy consumption 100 25 4,0%
3. Reduce water consumption 100 50 2,3%
4. Minimize material losses 50 75 0,3%
5. Increase weighing accuracy 100 75 1,0%
… … … …

45. Avoid fouling of equipment 75 75 0,6%
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5. Calculating the total relevance of a technical requirement x (TRx) for all stakeholder
requirements SRs using the Eq. (6):

RelTRx!SRs ¼
Xj¼m

j¼1

RankSRj � jFxjj
� � ð6Þ

where:
RelTRx!SRs – total relevance of technical requirement x (TRx) for all SRs;
RankSRj – ranking of a stakeholder requirement j (SRj), %;
Fxj – impact factor of a TRx to a stakeholder requirement j (SRj): Fxj = 1

if TR is improving SR, or Fxj = −1 if TR is worsening SR
(YES-option); Fxj = 0 if TRs have not influence on SRs
(NO-option) – see phase 4;

m – total number of stakeholder requirements.

Following example illustrates calculating the total relevance of technical function
(Drying slurry) from drying process step 6 to all stakeholder requirements (see the
complete modified House of Quality in Appendix A): RelTRx ! SRs = (1.4% � 1) +
(4.0% � 1) + (2.3% � 0) + (0.3% � 1) + (1.0% � 0) + … + (0.6% � 1) = 6.3%.

In the same manner, one can calculate the total positive relevance considering the
improving impact factor (Fxj = 1) or total negative relevance considering the worsening
impact factor (Fxj = −1) only. It is also possible to calculate a partial relevance con-
sidering the impact of technical requirements TRs on, for example, environmental
stakeholder requirements SRs only.

4 Conclusion

The proposed approach of integrating Quality Function Deployment (QFD) and
Importance-Satisfaction Analysis (ISA) aims to identify and classify comprehensively
the potential engineering and eco-engineering contradictions in process engineering. As
shown in Fig. 7, the method investigates correlations within different requirements
groups in complex problem situations using Function Analysis and Process Mapping
and combining importance-satisfaction evaluation with visualization of the metrics and
correlations between technical and stakeholder requirements in a modified House of
Quality.

In general, the proposed approach can contribute to the practical needs of inno-
vation tasks ranking for process intensification using current importance and satisfac-
tion with process key performance parameters by considering not only process
efficiency and product quality but also environmental concerns. The estimation of
proposed metrics, such as Synergy and Contradiction Indexes of requirements,
Ranking of stakeholder requirements and Relevance of technical requirements, helps to
define the appropriate process innovation strategy and to select or develop the optimal
process intensification technology without secondary problems. Based on obtained
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information, the computer-aided multi-parameter optimization of processes can be
applied to reduce environmental impact and to improve performance of new tech-
nologies with the inventive tools of the Theory of Inventive Problem Solving (TRIZ)
and Process Intensification methods. However, the application of the proposed method
requires specific expert knowledge and practical experience to define and evaluate the
correlations of stakeholder and technical requirements. Also, the introduction of the
qualitative and quantitative cause-effect relationship between partial problems and
requirements will be a part of the future work.

A Appendix

Example of the modified House of Quality and requirements ranking for ceramic
powders granulation process (fragment).

ISA

House of 
Quality 
(QFD)

Process 
Mapping

- Posi ve & nega ve 
func on of processes

- Stakeholder require-
ments

- Synergy & Contradic on Index
- Total and par al relevance of TRs to SRs

- Importance of SRs
- Sa sfac on of SRs
- Ranking of SRs

Star ng point

Fig. 7. Concept and main outcomes of integrating Quality Function Deployment and
Importance-Satisfaction Analysis for process engineering
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Investigating the Value Perception of Specific
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Abstract. Understanding the impact of inventive solutions on consumers’
value perception is essential to develop successful products. This applies par-
ticularly to sustainable solutions, which need to penetrate the market to pursue
environmental objectives. This paper explores the value perception of three
categories of TRIZ-oriented sustainable solutions, namely designs that have
undergone dynamization, change of the physical state or the field exploited.
Through an experimental study with 43 participants, supported by a specific
questionnaire and biometric measures (eye tracking, skin conductance), self-
assessments and unconscious behavioral aspects were gathered while a series of
18 product pictures was shown. Out of them, 9 products implement one of the
above TRIZ-oriented principles and 9 constitute same-category products with a
higher environmental impact. The results show that the different categories of
TRIZ solutions give rise to diverse nuances of value perception. This outcome
triggers further considerations concerning the ease of interpreting design mod-
ifications steered by TRIZ concepts and heuristics.

Keywords: Human perception � Eco-design � Eco-innovation � TRIZ-oriented
sustainable solutions � Biometric measures

1 Introduction

Although TRIZ methodology supports the individuation of technical problems
(i.e. what are the problems?) and provides frameworks to solve them (i.e. how to solve
the problems?), many scholars argue that the contextualization of the problems
(i.e. why should these problems be solved?) has to be entrusted to complementary
methods [1, 2]. Therefore, especially when the problem solving process is set in a
Business-to-Consumer product development context, TRIZ suffers from a limited
understanding of human values, product meanings, and unspoken needs [3]. To this
respect, many attempts to integrate human factors into TRIZ can be found in the
literature.

Wang [4] developed a Kansei-TRIZ framework, where the design philosophy
proposed by Nagamachi [5], aimed to consider the cognitive and emotional dimensions
of designs, has been integrated with the 39 engineering parameters and the 40 inventive
principles.
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Borgianni et al. [6] developed a method able to take into account both the cus-
tomers perceived benefits and the engineering resources exploited trough the combi-
nation of the Kano model [7] and specific TRIZ knowledge. The combination of Kano
model and TRIZ can be found also in [8], where an integrated framework was pro-
posed, and in [9], where a combination of Kano model and Su-Field Analysis was
suggested.

In their review, Batemanazan et al. [2] highlight the pro and cons to combine
usability criteria (to understand the user perspective and context) and TRIZ (to help the
problem abstraction). In addition, the scholars stressed the importance to envision a
holistic perception of products and criticized the products’ characterizations solely
based on a sum of the implemented functions. Filippi and Barattin [1] developed a
framework to relate constructs of interactive design (i.e. principles, guidelines and
heuristics aimed to improve the product’s acceptance and reliability) with inventive
principles. Lin and Luh [10] emphasized how TRIZ thinking should be enriched in a
holistic view to support radical innovation through the human-centered value creation.
In the same direction, Ávila et al. [11], exploring the combination of TRIZ and the User
Centered Design approach, concluded that an inventive product cannot be successful if
it does not create enough value for the consumers compared to alternative solutions.

Therefore, understanding how to create value for the consumer through inventive
solutions (which include tangible and intangible elements) is the main way to innovate,
and to achieve radical innovation [12]. This leads to the need to develop inventive
solutions (exhibiting an evident technical improvement) that have a positive impact on
human life through their use, acceptance and diffusion.

It is worth noting how the same challenges are shared by research in sustainable
development [13, 14]. Indeed, in order to outline sustainable development, designers
are urged to develop eco-innovative products and services, i.e. solutions able to
drastically reduce the environmental impact (compared to existing ones) and to increase
people’s quality of life [15, 16]. Although the focus of many scholars was on devel-
oping and testing TRIZ-based tools and methods for achieving solutions with lower
environmental impact, the literature offers a limited contribution for understanding how
these TRIZ-Oriented Sustainable Solutions (TRIZ-OSSs) can be perceived, adopted
and used. An experiment was conducted by the authors with the aim to study, among
the others, the Consumer Value Perception (CVP) of TRIZ-OSSs [17]. The results of
the experiment are used to provide a better understanding on the perception of
TRIZ-OSSs.

The present paper is structured as follows. In Sect. 2, an overview of the
relationship between TRIZ and eco-innovation is shown in order to clarify how
TRIZ-OSSs can be obtained. In Sect. 3, the concept of CVP and the way adopted to
measure it is explained. The method is illustrated in Sect. 4. Results are presented in
Sect. 5 and discussed in Sect. 6. Conclusions are drawn in Sect. 7.
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2 TRIZ and Eco-Innovation

The application of many TRIZ tools and principles directly provide benefits for the
environment [18]. Russo [19], exploring different eco-design methods, claimed that
integrating TRIZ into eco-design leads to effective methods in both eco-improvement
and eco-assessment perspectives. Bocken et al. [20] emphasized how the eco-TRIZ
literature supports radical eco-improvements and provides many conceptual eco-
assessment indicators.

Tyl et al. [15] stressed the remarkable contribution of TRIZ-based tools in eco-
innovation process, especially in the ideation phase. In addition, the close relationship
between TRIZ and eco-innovation was highlighted in a recent contribution [21], where
more than 60 pertinent scientific works published in 2000–2018 were collected and
analyzed.

The overlapping between TRIZ and eco-design had already been noticed by Jones
and Harrison at the very beginning of this century [22]. In their work, they compared the
eco-compass headlines [23], i.e. mass intensity, energy intensity, extending service and
function, health and environmental risk, resource conservation, and revalorization, with
the 39 engineering parameters. Chang and Chen [24] developed a CAD software by
integrating the same 39 parameters into the 7 major eco-efficiency elements identified
during the World Business Council for Sustainable Development [25], i.e. material
reduction, energy reduction, toxicity reduction, material retrieval, sustainable resources,
product durability and product service. The same research team provided, for each of the
40 inventive principles, at least one successful eco-innovative product that implements it
[26]. With the same aims of the previous authors, Cherifi et al. [27] developed a
framework that supports the identification of the most suitable inventive principles to
solve contradictions on specific eco-design parameters e.g. material consumption,
energy consumption, releases, use of parameters, ownership of eco-design.

Inventive principles and engineering parameters were not the only TRIZ tools able
to support eco-innovation. For example, the eternal struggle between technological and
biological interest was dealt with in Bio-inspired TRIZ tools [28] and many other TRIZ
concepts [29] e.g. biomimetic, ideality, function analysis and laws of evolution. Laws
of evolution and evolution trends in an eco-innovation context have been explored in
various papers [19, 30, 31].

The usefulness and the applicability of the evolution trends in eco-design was
discussed in [31]. Russo [19], pivoting on the concept of ideality, resources and laws of
evolution, developed 8 guidelines aimed at driving eco-design towards innovation.
Based on the results of this work, Russo et al. [30] developed an evaluation method to
assess a solution and to support the design towards the ideal solution (also exploiting
the concept of Energy, Material, Signal [32] and standard solutions). This method was
fine-tuned in SMEs [33] and subsequently, an advanced CAD system was created [34].

However, the integration and the application of TRIZ in the eco-innovation pro-
cesses still presents some limitations. For instance, most of TRIZ approaches require a
good level of expertise, and therefore, an effective application of TRIZ entails time and
training to be successfully applied by novices in the TRIZ field [35]. In order to
overcome these limitations, Russo et al. [36] proposed guidelines for non-expert users,
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collected in a framework called iTree; in addition, an advanced version thereof was
developed in an online CAD tool [37]. Moreover, as emphasized in the introduction,
specific TRIZ methods are limited to work only under well-defined boundaries [35].

Although this section stress the goal to link TRIZ with eco-innovation and the
introduction highlights some attempts that link TRIZ with human-related issues, in the
literature, only few contributions can be found that try to link these tree areas (TRIZ,
eco-innovation and human-related issues). The main attempt to expand the ECO-TRIZ
knowledge towards human-related issues are reported in the followings.

D’Anna and Cascini [38] developed a method integrating the humankind into TRIZ
for identifying needs through the combination of System Operator and Maslow’s
Hierarchy of needs [39]. With the aim of achieving sustainable objective, the voice of
the consumer was taken into consideration by the combination of TRIZ, Eco-Quality-
Function-Deployment and Analytical Hierarchy Process in [40]. Recently, a Kansei
ECO-TRIZ technique was developed [41], where Kansei Engineering has been jux-
taposed with the 39 engineering parameters and the 7 Eco-efficiency elements proposed
in a previous study [24].

Therefore, this paper aims to expand the ECO-TRIZ knowledge towards studying
the CVP of specific TRIZ-OSSs.

3 Consumer Value Perception

The CVP drives the consumer behavior in a decision-making context, affects their
preferences and purchase intention, and, consequently, the adoption and the success of
the solution [42]. Woodal [43] conceptualized CVP as a comparison between benefits,
in terms of advantages that the ownership (or the use) of the solution provides to the
consumer, and sacrifices, in terms of resources that the consumer has to spend for the
ownership (or the use) of the solution. Although this definition is similar to the TRIZ
concept of Ideal Final Result, it not only includes the utilitarian/functional dimension
but also a hedonic/emotional one. In addition, Holbrook [44] emphasized how the CVP
is not a property of the solution itself but it is an experiential characteristic of the
interaction between the consumer and the product. Then, the proper way to study the
CVP is to capture consumers’ perception about functionalities, feelings, experiences,
emotions and behaviors during an interaction with the solution (or its representation).

The perception of utilitarian/functional dimensions is usually investigated trough
surveys. However, it is claimed that the exclusive use of self-assessment methods
might fail to capture human factors in a reliable way, especially when sustainability-
related themes are involved [45]. To overcome these limitations, the exploitation of
biometric instruments are increasingly diffused in experimental design research [46],
especially Eye-Tracking (ET) technologies and Galvanic Skin Response (GSR) meters.
The ET allows recording the ocular behavior by understanding what a participant is
looking at, for how long, with which observation strategy, how often s/he blinks and
how the pupils’ size changes. These data can be interpreted as attention, interest,
involvement, curiosity, cognitive load other psychological and behavioral terms. GSR
meters measure skin conductance and markedly the micro-sweat changes that are
ascribable to emotional arousal. The combination of surveys, for studying the
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utilitarian/functional dimensions, with biometric instruments, for exploring the
unconscious behavioral and emotional reactions, is the last frontier of the study of the
CVP [17].

4 Materials and Method

The goal of this paper is to understand how the implementation of TRIZ-OSSs affects
the CVP. In order to pursue this goal, the following steps were performed.

1. Three common TRIZ-OSSs, easily identifiable in everyday products, were selected.
Pictures of these products in a baseline version (presenting specific environmental
issues) and in the TRIZ-OSSs version (presenting an eco-improvement) were col-
lected (Sect. 4.1).

2. The pictures of each product were shown singularly to 43 participants (individually)
in a PC screen. The participants were asked to evaluate each picture by filling in a
5-point Likert questionnaire, according to their perception of the products. Mean-
while, their visual approach and behavior were monitored through an ET and their
level of emotional arousal was captured by a GSR (Sect. 4.2). This is part of a
larger study described in [17].

3. The data collected were statistically elaborated in order to highlight differences in
CVP characteristics and to understand if these are statistically influenced by the type
of TRIZ-OSS (Sect. 4.3)

4.1 Characterization of the Stimuli

Nowadays, the excessive use of resources, the amount of wasted packaging and the
toxicity of energy systems are environmental problems designers are asked to solve.
TRIZ offers many strategies to deal with these problems and, since the proposed
experimental procedure (Sect. 4.2) is time-consuming, this paper explores a subset of
these strategies. Therefore, among the most common implemented TRIZ strategies, the
authors focused on the following ones, which were empirically identified as very
diffused in innovative product design.

• Dynamization, which saves material (allowing the replacement of worn components
only), space and energy resources (improving the adaptability of the product during
various phases of its life)

• Change the product’s Substance (solid, liquid, gas), often allows reducing the
environmental impact of its packaging or of its transportation

• Change a Field that performs a function (mechanical, chemical, electromagnetic),
which often allows reducing the related toxic emissions.

For these reasons, for each of the three above-mentioned TRIZ-OSSs, three pairs of
everyday products were collected (3 TRIZ-OSSs and the 3 corresponding baseline
products).
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• Dynamization: disposable razors vs. razors with interchangeable blades, common
toothbrushes vs. toothbrushes with interchangeable bristles, common water bottles
vs. space-saving water bottles.

• Substance: liquid laundry detergent in a plastic packaging vs. washing powder in a
cardboard packaging, a liquid shampoo in a plastic container vs. a solid shampoo in
a paper container, couches vs inflatable couches.

• Field: battery torches vs. hand-powered torches, gasoline cars vs. electric cars, gas
cookers vs. induction cookers.

A summary is shown in Fig. 1.

4.2 Procedure

Forty-three volunteer participants were involved in this experiment and all product
pictures were shown randomly in two sessions at least two days apart. All the par-
ticipants were students, lecturers and administrators of research institutions in South
Tyrol, Italy. Their sensitivity to sustainable themes was monitored through a prelimi-
nary questionnaire, which was a primary research goal explored in [17].

In addition to the 18 products illustrated in the previous subsection, other 22
product’s images were selected with similar criteria, and shown in the same way for
other purposes [17].

The baseline products and the TRIZ-OSS alternatives were equally distributed
between the two sessions and the products of the same pair have never been shown in
the same session. The participants were informed that the aim of the experiment was to
evaluate products and that biometric instruments would have been used. They were
unaware of the type of products to be evaluated, the actual goal of the experiment, as
well sustainability-related terms have never emerged during the experiment.

While the image of a product was shown on a PC screen, the participants were
invited to observe it, to fill in a questionnaire (in which their level of agreement with
statements associated with the variables summarized in Table 1 was gathered) and to

Fig. 1. The products are presented in pairs - the baseline version on the left, the TRIZ-OSS on
the right. Product pairs implementing the same TRIZ-OSS are grouped in the same column
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estimate the product’s price. In the meantime, they were wearing a GSR sensor, in the
non-writing hand, and a remote ET, arranged at the bottom of the screen, was recording
their ocular behavior. In this way, the functional dimensions of CVP were investigated
trough a self-assessment questionnaire, while the unconscious emotional and behav-
ioral dimensions were studied trough the afore-mentioned biometric instruments. The
whole sample of collected data is available in [17].

4.3 Data Elaboration

The raw data collected through biometric instruments were elaborated by a specific
MATLAB routine in order to obtain indicators related to the interaction between each
participant with each products. The biometric indicators were combined with the
indicators extracted through the questionnaire. A series of bivariate Spearman corre-
lations, involving the whole samples of indicators was performed. When two indicators
showed correlations greater than 0.8, one of the two was discarded to facilitate fol-
lowing statistical processes. In this way, the independent indicators who passed the
Spearman test were 35 out of the initial 93 ones. In order to reduce the complexity of
the phenomenon to be studied, a Principal Component Analysis was then performed on
these 35 variables. The “principal” function in the statistical software R was used for
the PCA. Keeping factors with eigenvalues higher than 1 resulted in obtaining 10
principal components (PCs) explaining 68% of the variability of the observed phe-
nomenon. An interpretation of these 10 PCs was given in [17] and it is summarized in
Table 2.

Data related to products implementing a TRIZ-OSS (including the relative baseline
products) were extrapolated from the whole dataset. Subsequently, this data was

Table 1. Variables explored through a 5-point Likert scale questionnaire.

Variables Meaning Level of agreement of the participant in affirming that:

Knowledge The participant knows the specific product, they use it, they have
bought it in the past and they know similar products

Interest The aim of the product is relevant to their daily life, they are interested
in this kind of products and they can benefit from it

Quality The participant believes that it the product is of high quality and is
able to meet their expectations

Advantages The product offers advantages if compared to similar products and it
has valuable characteristics

(Absence of)
Disadvantages

The product has (not) disadvantages if compared to similar products

Preference The participant would likely choose this product instead of a similar
one

Novelty creativity The product has novel or original characteristics and it proposes
innovative or brilliant solutions

Willingness to pay The participant considers appropriate that the depicted product is
more expensive than the average in its category
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subdivided between Dynamization, Substance, Field and the amount of valid obser-
vations (in the PCs coordinates) were 204, 202 and 196 respectively.

The implementation of a given category of TRIZ-OSS has been considered as a
dummy variable in the products pair (1 if the product implements the TRIZ-OSS, 0 if
the product is the alternative baseline). Therefore, two different kind of regressions
were carried out through R software.

1. In order to study the overall phenomenon, linear regressions between every cate-
gory of TRIZ-OSSs (as independent variables) and every PCs (as dependent vari-
ables) were carried out.

2. In order to provide results that can be simply interpreted on CVP perspective,
ordinal logistic regressions between every category of TRIZ-OSSs (as independent
variables) and the answers to the 5-scale questionnaire (as dependent variables).

5 Results

The influence of the TRIZ-OSSs on PCs is shown in the upper part of Table 3, while
the influence of the TRIZ-OSSs on the variables investigated through the questionnaire
is shown in the bottom part of Table 3. For every relationship, the regression coefficient
and the p-value are reported in the Table. Relationships with p-value higher than 0.1
are written in light gray as considered not statistically significant, while the

Table 2. Interpretation of the PCs emerged by the experiment.

Principal components Interpretation

Consciously Approaching
the Task (CAT)

It is related to those processes occurring while consciously
approaching the task (looking at the screen many times, fast
answers etc.)

Level of Arousal (LA) It defines the emotional involvement
Implicit Task Effort (ITE) It describes implicit task effort, being related to the activation

of the autonomous nervous system combined with long time
to complete the evaluation task

Information Foraging (IF) It describes the tendency to search many information
Innovative Value (IV) Beyond quality-related aspects, this component is

characterized by the perceived presence of novel or creative
aspects

Price Overestimation (PO) It describes the tendency to overestimate the product’s price
Voluntary Wide
Exploration (VWE)

The variables explain the typical behavior occurring when
eyes were pointing to different targets

Pupil Dilation (PD) It is deemed as a descriptor of phenomena involving large
pupil dilation

Curiosity and Exploration
(CE)

Curiosity- and exploration-related factors appear as
determinants (long eyes movements and large dimension of
pupils)

Ordinary Value (OV) Knowledge and interest dimensions are fundamental
dimensions for this component
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relationships characterized by 0.1 > p-value > 0.05 are indicated with (.) after the
coefficient. The regression coefficient can be read as metric of the specific TRIZ-OSS’s
power to positively (negatively) affect the dependent variable if it is positive (negative).

6 Discussions

All the TRIZ-OSSs showed a significantly increased IV and diminished OV. The
participants revealed a low knowledge of these TRIZ-OSSs and changing Substance
displays the lowest acceptance level. Indeed, although TRIZ-OSSs implementing
change of Substance are considered more new and creative than baseline solutions,
these lead to a negative perception of quality, a low level of interest and a negative
preference. In addition, this is followed by a negative Willingness to Pay (WTP), by a
perception of disadvantages and a not clear perception of advantages. Moreover, the

Table 3. Results of the linear regressions between TRIZ-OSSs and PCs, and ordinal logistic
regressions between TRIZ-OSSs and questionnaire variables

Independent Variables Dynamization Substance Field

Depenent Variables Coeff. p-value Coeff. p-value Coeff. p-value

CAT 0.255 0.047 0.101 0.464 -0.053 0.703

LA -0.037 0.765 -0.065 0.661 -0.062 0.659

ITE 0.086 0.608 0.557 0.000 0.007 0.962

IF -0.054 0.674 -0.040 0.753 0.144 0.391

IV 0.256 0.050 0.327 0.012 0.335 0.023

PO -0.105 0.425 0.077 0.550 -0.072 0.656

VWE -0.391 0.001 0.109 0.265 -0.035 0.799

PD 0.782 0.000 -0.200. 0.093 0.460 0.000

CE 0.545 0.000 0.320 0.018 -0.115 0.296

OV -0.437 0.000 -0.923 0.000 -0.647 0.000

Knowledge -0.544 0.001 -0.749 0.000 -0.647 0.000

Interest -0.011 0.943 -0.472 0.003 0.173 0.274

Quality 0.565 0.001 -0.736 0.000 -0.125 0.447

Advantages 0.826 0.000 -0.148 0.349 0.737 0.000

Absence of Disadvantages -0.216 0.167 -0.682 0.000 -0.445 0.005

Preference 0.498 0.002 -0.402 0.011 0.164 0.293

Novelty Creativity 1.568 0.000 0.661 0.000 1.334 0.000

Willingness_to_Pay 0.676 0.000 -0.291. 0.065 0.337 0.032
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low level of affordances was highlighted by the significant positive effect on ITE and
negative on PD. This result suggests that solutions implementing this TRIZ-OSS may
not be competitive with the baseline one. However, these solutions could be successful
in specific market sectors targeted to peculiar consumers.

TRIZ-OSSs implementing change of Field are perceived undoubtedly new and
creative but the advantages, clearly perceived by participants, are counterbalanced by
disadvantages noticed in the solutions. In addition, a positive WTP has emerged while
a significant preference, interest and perception of quality have not. These results could
mean that solutions changing Field are perceived innovative but not sufficiently mature.
Therefore, further efforts should be made to reduce their real or perceived
disadvantages.

TRIZ-OSSs implementing Dynamization showed a clear perception of quality,
advantages and preference enhanced by novelty and creativity that lead to a positive
WTP. The PCs related with biometrics measures indicate how the evaluation process
takes place through a careful, curious and meticulous observation of the solutions.
These solutions seems to be the most valued by the participants, and a possible
explanation can be found in the ability of the products to meet participants’ expecta-
tions. Indeed, the TRIZ-OSSs offer comparable (or better) performances compared with
the baseline ones and provide additional benefits that can be directly exploited during
the products’ use. In particular, they provide useful functions for both the user and the
environment without perceivably increasing costs and/or harmful effects.

Furthermore, by comparing the TRIZ-OSSs investigated, it is possible to note
differences in the way solutions provide benefits to consumers. Indeed, while all the
solutions provide direct benefits for the environment, only the Dynamization provides
direct benefits for the user e.g. the possibility of replacing only the worn blades or
bristles instead of buying a completely new product. In the used case studies, this is
accompanied by a change in business model. The effects brought on by more dynamic
solutions are worth investigating further; in particular, it should be studied whether
these remarks emerge because of the specific products leveraged in the experiment or
have general validity.

7 Conclusions

The paper provides an overview of the literature involving humankind and/or eco-
logical issues in the TRIZ methodologies. It highlights how the contextual analysis of
both perspectives is limited. Accordingly, the authors performed an experimental study
aimed with a dual purpose: to provide a methodological framework to investigate the
CVP from functional, hedonic and behavioral perspectives and to capture differences in
CVP between baseline products and the alternative TRIZ-OSSs, i.e. potentially inspired
by Dynamization, Substance and Field. Different TRIZ strategies resulted in marked
differences in terms of CVP.

Indeed, the results showed how the change of Substance leads to decrease the
solutions’ acceptance while improving the environmental performances, which limits
the competitive advantages compared with baselines solutions. Innovative advantages
are perceived in the solutions performing functions through a different Field, but the
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perception of disadvantages could be the main barrier to their preference and adoption.
Solutions implementing Dynamization give rise to better feedback from participants in
many dimensions that are fundamental for successful innovation.

Two considerations emerge from these results. Firstly, the preferred TRIZ-OSSs
combine environmental and humans’ benefits with no performance drop, delivering
new valuable attributes. Secondly, the TRIZ-OSSs with lower acceptance levels are
more suitable for radical product changes while the most appreciated ones are more
suitable for incremental innovations.

These results enrich the ECO-TRIZ knowledge by providing a general perspective
on the perception of products implementing specific strategies. This information
increases the designer’s awareness of possible risks related to the radical change of a
solution and the need to involve potential consumers in order to be able to develop
acceptable solutions with, consequently, enhanced success chances. This newly gen-
erated knowledge is, however, constrained by the limited number of TRIZ-OSSs; this
represents a trigger for future research.
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Abstract. The methods and technologies of waste disposal are characterized by
a slow evolution. A system that can bring great benefits, in economic and
environmental terms is pyrolysis. A technology that instead of burning waste,
gets products for industrial use.
The technology offers many advantages, among which they allow drastically

reduce the ashes deriving from the reaction compared to those deriving from
normal combustion, it also produces reaction gases and oils that have a high
calorific value and are suitable for conversion into other energy such as elec-
tricity, district heating or cold, compressed air.
In order to make this technology usable today we need an important scale up

in response to the many pilot projects around the world.
In this article we can show some examples of how an Italian-French industrial

group, active in pyrolysis has implemented TRIZ to develop a large-scale
technology for urban waste recycling. In particular, the ongoing project in
Agadir area in Morocco will be presented.
The project will be shown in the article and how the sponsoring company is

using TRIZ to develop its technology worldwide.

Keywords: Triz � Pyrolysis � Problem solving � Evolutive tree

1 Introduction

In recent times, the quantity of the produced wastes has considerably increased:
everyday over three million tons of waste are produced. As a result, the problem of
their disposal has become a crucial point. Traditional methods, such as storage and
incineration, are no longer effective and environmentally sustainable due to the high
impact of the pollutants produced.

A less impactful alternative is represented by the pyrolysis, or the thermal
decomposition of materials at high temperatures inside a not oxidant atmosphere.

Moreover, such process is able to generate products (i.e. gas, liquid and solid) with
interesting qualities in terms of composition and heating value, with a relative distri-
bution dependent on several parameters (e.g. time, temperature, waste composition).

Despite pyrolysis is a technology known for centuries, its application in the field of
waste disposal is considerably newer and for this reason it is still under development
and with huge industrial potential.
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Since the most important feature of pyrolysis is the calorific value and the energy
content of the exhaust gases, the comparison with a traditional incineration system is
very significant. The comparison can involve the processed products, the required
energy, the versatility and the dimensions of the plants. In general, while the products
obtained from an incineration plant are only pollutants to be destroyed with a little
advantage deriving from their combustion, those from pyrolysis are interesting
resources for different markets (e.g. fuels). The process also requires less energy due to
the to the low operating temperature, which is around 500–800 °C, unlike the 1000 °C
needed for the traditional combustions. Other advantages include the possibility of
building the reactor with less valuable materials to save costs.

Today there are many pyrolysis technologies: Fluidized bed combustion, Cyclonic,
Rotative screws, electric induction, microwave, laser-assisted and plasma assisted).
Any technology can work with different operative parameters in a multitude of design
variants.

Some of them are almost fully operative while others are still at experimental and,
in general, the most important requirements driving their development are:

(1) Ensuring the full disposal of a greater flow of raw materials, deriving by the
increasing in the total production of waste.

(2) Reducing the time required for processing the waste within the reactor or its
residence time.

The two requirements are clearly in contradiction: the complete waste disposal in a
pyrolysis reactor generally requires a long time for carrying out all the chemical
reactions involved occurring inside the reactor, which typically imply large volumes of
the reactor chamber for storing the entire mass of waste.

However, this problem cannot be solved by directly applying TRIZ separation
principles, because of the lack of knowledge about the operative parameters and their
combinations governing its functioning.

The contradictions work well when the conflicting parameters can be considered
reasonably independent of each other, otherwise the formulation of the contradiction
tends towards tautology, resulting therefore impossible to separate. During the heating
with the thermal vector and immediately after in the cooling phases, the chemical
reactions between the reactants and the continuous recombination of the products are
very difficult to predict and describe, because they depend on hundreds of factors: it can
almost be said that every chemical process has its peculiar dynamic! If we cannot start
with a bottom-up approach, we can instead create contradictions starting instead from
the results of field experiments. Hence the idea of collecting and organizing all the
information on the subject with an evolutionary approach and in particular the evo-
lutionary tree of Shpakovsky [1].

The starting point concerns the recovery of information through the collection and
analysis of experimental results from the scientific literature. Through the Shpakovsky
evolution tree, the recovered technologies were then classified. Therefore, the same tree
is used to select the technologies and to visualize the operational parameters that come
into conflict with each other in order to identify the physical contradictions. The
structure of the paper is as follows: Sect. 2 presents the state of the art on the
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operational parameters of pyrolysis, Sect. 3 proposes the use of the evolutionary tree to
organize information on pyrolysis technologies, Sect. 4 draws conclusions.

2 State of the Art

The process of the pyrolysis is too complex because of the multitude of involved
parameters (e.g. temperature, time of reaction, typology and granulometry of the
processed material) and the nature of their mutual correlations affecting the quality
(e.g. heating value) and the quantity of the obtained products (i.e. gas, liquid and solid).

In addition, today, a lack of knowledge still persists, as testified by the interest of
the scientific community in proposing always new experiments, and by the many
contradictory obtained results.

On a practical level, this lack is detectable on the insufficient flexibility of the
numerous commercial and semi-commercial plants of pyrolysis, which are forced to
work in too narrow ranges of function for not compromising the performances.

For this reason, we carried out an analysis of the existing technologies, both from
patent and papers and an analysis of the operative parameters based on the experi-
mental results of the test from scientific literature.

The research of the technologies of pyrolysis has been carried out on patents and
papers on the international databases (i.e. Espacenet, SCOPUS and Google Scholar) by
using generic keywords (i.e. “pyrolysis” and “gasification”).

The result shows that the number of documents is very high, both as regards the
number of scientific articles and the number of patent documents. The goal was to
extract correlations between physical-chemical parameters of the pyrolysis process in
order to be able to set contradictions.

2.1 Analysis of the Operative Parameters

The first parameter searched in the document pool is the temperature at which the
pyrolysis process takes place. According to [2], each chemical reaction of each element
of the pyrolyzed waste has a precise threshold value. In general, we noticed how the
increase of temperature leads to an increase in the gases produced, while the fraction of
liquids and solids is reduced even if with different quantities [3].

Another main parameter is the reaction time which substantially discriminates the
two main pyrolysis mechanisms: the fast, which occurs in a few seconds (less than 5)
and the so-called “traditional”, which times are always longer than 10 min. A lot of
authors (e.g. [4]) studied the combination between temperature and time of reaction by
deepening the effects deriving from the heating rate and the permanence at the peak
temperature.

Also, the raw material within the reactor, the shape of the reactor and the agitation
mechanism of the raw material can strongly influence the reaction (e.g. [5]).

This framework is then complicated by the comparison of the influence of these
parameters on different feeding materials (e.g. rubber, wood, paper), by their shape of
aggregation (e.g. dust or pellet) and by the percentage of the contained humidity
(e.g. [6]).
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The analysis of the product also considers other evaluations in addition to the
quality and the quantity of the products, such as the reactivity of the ashes, or its ability
to keep suspended in the produced gas (e.g. [4]).

Figure 1 summarizes different correlations between the operative parameters and
the obtained products found in literature. As can be seen, there is no correlation factor
between the increase in temperature and the modification of the percentages of
pyrolysis products. The different processed materials, even very similar to each other,
behave in unpredictably: some improve with the increase in temperature while others
get worse. These dynamics have been identified for most of the analyzed literature and
for all types of parameters.

3 Proposal

The collected technologies have then been related to those regarding the operative
parameters and then they have been organized through the logics of the evolutive
theory and the tree of Shpakovski (i.e. [1]).

The starting point of this logic are the Laws of Technical System of Evolution [8]
and the related patters, which are the most general trends for describing the evolution of
technical systems and they are reported to be one of the most used TRIZ tools within
the case studies from literature [9]. During the years, the Laws have been applied in
several fields, and, in particular, along with the evolutive trees, they have been
exploited for classifying technical systems according to their level of evolution [10].

The first pattern (Evolution Toward Increased Ideality) is based on the assumption
that every system has both useful and harmful effects and it is used for classifying the
systems in order to maximize their ratio of useful to harmful effects and approach
ideality. The second pattern (Stages of Technology Evolution) is a sort of an S-curve
for mapping the technological maturity of the systems. The third pattern (Non-Uniform
Development of System Elements) explains that different systems could evolve by their
different schedules, since they are affected by different constraints during different
period. The fourth pattern (Evolution Toward Increased Dynamism and Controllability)
states that the evolution of the systems passes through the increasing of their dynamism

Fig. 1. Different influences of the operative parameters on the pyrolysis products from literature
(a – [7] Chen et al. b – [6] Roy and Dias 2017).
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and controllability. The fifth pattern (Increased Complexity, Then Simplification)
explains that there is an initial tendency to add functionalities to the systems, by
increasing their complexity, and then to divide them into simpler systems that provide
the same, or more, functionality. The sixth pattern (Evolution with Matching and
Mismatching Elements) states that evolving system elements are matched or mis-
matched to improve performance or compensate for undesired effects. Seventh pattern
(Evolution Toward the Micro-level and Increased Use of Fields) explains that tech-
nological systems tend to transition from macro- to micro-systems, and that different
types of energy fields are used to achieve better performance and control during this
transition. The last pattern (Evolution Toward Decreased Human Involvement)
explains that evolution of the system passes through the decreasing of the human
involvement.

Their improvements and combinations have been proposed by several authors.
[11] found hidden patterns in technological evolution by exploring the relationships

between the evolution of products from the point of view of TRIZ’s patterns of evo-
lution and new emerging information technologies (semantic web, data mining, text
mining, theory of chaos and evolutionary algorithms).

[12] proposed an algorithm to perform functional analysis for building a network of
evolutionary trend for a given technical system and they integrated it with well known
models for function representation (e.g. Energy Material Signal -EMS- model).

[13] proposed an automated method for identifying TRIZ evolution trends from
patents which consists of extracting binary relations of verb, nouns and adjectives from
patents using natural language processing, defining a ‘reasons for jumps’ rule base that
arranges trend-specific binary relations for trend identification, and determining specific
trends and trend phases by measuring semantic sentence similarity between the binary
relations from patents and the binary relations in the rule base.

[14] presents a forecasting novel model to acquire innovative ideas more easily to
design eco products, followed by evaluation of whether the new design is more
effective than currently available ones in the concept design stage based on TRIZ
evolution patterns, in which the index system of case-based reasoning connects the
innovative idea to cases located in a database to accelerate the process.

[15] identified promising patents for technology transfer by adopting TRIZ evo-
lution trends as criteria to evaluate technologies in patents, and Subject–Action–Object
(SAO)-based text-mining technique to deal with big patent data and analyze them
automatically [16] explained how they can be used to construct a technology road-map
that profiles the life curves of considered technical system. In particular, the author
used the patterns of evolution to define the fuzzy edge of what we will be tomorrow
compared with what we are today.

Among all these approaches, one of the most simple and immediate way to
organize information, especially for novice designer, is the work about the evolutive
trees carried out by Shpakovski (2006). The peculiarity of this approach consists in
using the so-called “Evolution Tree” – an organized set of technical system evolution
patterns - to structure technical and patent information. The result is a certain hierarchy
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of actions, as shown in Fig. 2, performed during the system transformation, as well as
the hierarchy of evolution patterns formed as a result of each of these actions:

(1) Introduction of new or segmentation of existing objects, processes, fields and
forces.

(2) Coordination the shape, size, and properties of the surfaces with the internal
structure of the system’s elements, process parameters, fields, and forces,

(3) Dynamization of sets of objects, processes, fields, and forces.
(4) Providing controllability of the system’s elements,
(5) Coordination the action of the system’s elements.

3.1 Application of the Evolutive Theory to Pyrolysis

Within the obtained evolutive tree in Fig. 3, the pyrolysis technologies have been
divided into different groups based on the trends involved and ordered based on them.
Trends act on two hierarchic levels of detail.

The main vertical branch considers the different modes of interaction between the
heat vector and the raw material to be subjected to pyrolysis, considering in particular
the activation energies of the pyrolytic combustion. The direction of the path follows
the “Transition from macro to micro level” evolutionary law. At the bottom of the
evolution the heat transfer is limited to one single surface of the raw material, then with
2 or many surfaces till to move to a new level of granularity with an interaction with
small parts of raw material and finally to a total decomposition in small particles. In the
same way, the same tendency can also be observed on the thermal vector that begins
with a hot surface, breaks down into different surfaces and then into an increasing
number of parts (small spheres) until it takes the form of micro plasma molecules. The
secondary horizontally branches collect main variants from the different pyrolysis
technologies. A short selection of inventive principles was used to organize and
hierarchize these variants according to an evolutionary type criterion (#1 Segmentation,
#3 Local quality, #5 Merging, #7 Nesting, #14 Spheroidality, #17 Another dimension).

Fig. 2. (a) Hierarchy of actions aimed at the transformation of the system’s elements and (b) the
structure of the Evolution tree (Shpakovski 2006).
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3.2 Idea Generation

The starting point of the problem-solving activity was the hot screw reactor produced
by the company. Among the many contradictions faced in the process of improving the
screw technology, we take for example the one aimed at improving productivity in
terms of the quantity of raw material processed. One of the possible ways to improve it
is to increase the temperature of the heating mantle. However, this modification seri-
ously undermines the seals of the system, which must have well-controlled thermal
expansions to prevent the entry of oxygen into the inert environment. Otherwise serious
safety problems may occur; more generally, there are complications in terms of overall
structural resistance and a deterioration in the useful life of the plant. A physical
contradiction has been set identifying two situations, the “current cold” one which does
not guarantee a high productivity and a “warmer” one that gives problems of resistance
and tightness, which is showed in Fig. 4.

For solving this contradiction, we have then applied the principle of the separation
in space identifying the operative zones of Control Parameters inside the screw
structure. As shown in Fig. 5, the parts in contact with raw materials have to reach a
high temperature, in order to ensure a more efficient pyrolysis, while seals have to be
maintained at a lower temperature for guarantee safety.

Fig. 3. The proposed evolutive tree for organizing the technologies for the pyrolysis.
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We have then applied principle n°14 – Spheroidal, and in particular its suggestion
about the introduction of spheres within the technical system.

The derived solution, please refer to Fig. 5, is made by the same reactor where the
screw is heated at same “low” temperature (i.e. 400 °C), and the introduction of hot
spheres with a high temperature (i.e. 1000 °C), which are moved by the contact with
screw rotation within the reactor.

4 Conclusions

The subject of pyrolysis is of great interest at present. Despite the great experimental
interest, the laws that govern it have not yet been well circumscribed. The study of the
available literature on pyrolysis has identified the lack of information as the biggest
obstacle to conduct a more classic TRIZ approach: the initial representation of the
process through totally reliable models of physics and chemistry prevents the formu-
lation of equally reliable contradictions. Hence the risk of investing in solutions that
may not be sufficiently effective. However, the vast literature is an important resource
that has been exploited by the authors to extract those correlations that, considered
individually, are certainly true as they are tested. The shape of a rector and its operating

Fig. 4. One physical contradiction affecting the hot screw reactor.

Fig. 5. An application of the spatial Separation principle.
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parameters, we know that they have produced a certain result even if we are not able to
understand exactly which process dynamics took place within it.

Hence the choice to work at a high level of detail. The evolutionary graph has
proved to be a very versatile tool, able to give order to the enormous amount of material
available, to guide research according to a reasonable criterion; it has also proved to be
a valid communication tool to discuss the client and overcome it as to resolve some
contradictions that were evolutionarily more advantageous than others that on paper
without other criteria could have seemed so interesting.

The tree also offered a valuable contribution to systematizing the technological
hybridization process, resulting simple and orderly. It has been also used for formu-
lating physical contradiction like the one shown in the paper showing the transition
from a warm mantle technology with a screw to technology integrated with hot spheres.

A hybridization project of some pyrolysis technologies is ongoing. It concerns a
plant in Morocco that will be built in the next 3 years at Agadir. It will have to process
more than 1000 tons of solid urban waste per day with an innovative technology in a
plant that will also be a showcase of green technological solutions involving solutions
for exhaust heat storage, energy production and treatments foe ashes and pollutants.
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Abstract. Recently, Global Warming effect and Green House Gases (GHG)
emissions have become one of the main concern for environment that princi-
pally come from the exhaust of fossil fuel combustion process (i.e. coal, crude
oil, and natural gas). Electric Vehicles (EVs) industry has started taking the lead
and showing significant competition in the market via Plug-in Hybrid Electric
Vehicle (PHEV) and fully Battery Electric Vehicle (BEV) over the conventional
fossil fuel powered vehicles which are going to ban (prohibit) within coming
two decades as officially announced by many of global countries. Battery is the
backbone of this evolution and it encourages many researchers and scientists to
expedite their studies, experimental tests to discover the best reliable, sustain-
able, and safe resource of energy to meet the customers’ (vehicles users) values,
satisfactions and expectations. This study aims to scientifically predict and
analyze the future battery generation that last longer up to (500 km) with
improved charging time (less than 30 min). A systematic evolution method
called TRIZ (Theory of Inventive Problem Solving) was used in this paper to
link the historical data with present timeline in order to improve the main
characteristics of the battery (e.g. energy density, durability, charging time and
safety). TRIZ has variety of inventive tools (9 – Windows, S – Curve and
Function Analysis), these tools are efficiently assist to predict and achieve the
next generation of the future battery. By using the tools of Directed Evolution
(DE) and utilizing Level of Innovation Domains, battery development is going
to be deeply illustrated. Finally, logical recommendations were proposed to
those personnel in charge to move forward to approach the future battery system
with targeted features and characteristics.

Keywords: Battery Management System (BMS) � Directed Evolution �
Greenhouse Gases (GHG) � Theory of Inventive Problem Solving (TRIZ)

1 Introduction

Practically, fossil fuels as coal, crude oil and natural gas were formed anciently and
nowadays they perform an essential influence in humankind’s global evolution.
Unfortunately, the burning fossil fuel releases toxic gases which in turns make a
contribution to acid rain and global warming effect. However, the main source of
automobiles energy is “Fossil Fuel” and the total oil production reached a peak during
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this century. Recently, the recent assessments, environmental associations’ policies,
and restrictions show that petroleum-based fuels is going to be prohibited by the year
2042. The engine’s fuel evolution has grown up rapidly and has obviously followed the
behaviour of matter status as Solid (coal), Liquid (petrol/diesel), Gas (NG) and Field
(electrical). Batteries industry and its high technologies have been significantly
improving. Since early 1990’s, Lithium battery’s technology has taken the lead of the
era of electronic devices evolution (e.g. cell phones, laptops, and smart watches) as
well as the automobile industry [1, 2].

2 Evolution of Technologies

2.1 Fuel Evolution of Vehicles’ Engine

Engine is the key part of vehicle and simply considered as the heart of automobile and
even functioning likewise. In general conventional sense, engine converts the chemical
energy in fuel (petrol, diesel and NG) into mechanical energy of moving a vehicle
forward. The engine’s fuel evolution has grew up rapidly and has obviously followed
the behaviour of matter status as Solid (coal), Liquid (petrol/diesel), Gas (NG) and
Field (electrical) [3–6].

2.2 Batteries at Electric Vehicles

A battery is a generator of electrons via electro-chemical reactions, it has positive (+)
and negative (−) terminals. The early battery was launched in 1859 by lead-acid
battery, and then the advanced batteries have been introduced to market with better
performance, more efficiency, environmentally safe and even cheaper. At the beginning
of this century, batteries was utilized for EV’s industry with Lead-acid battery. After
that, other technologies joint the market such as Nickel-Metal Hydride (Ni-MH), Fuel
Cell, Super-capacitor and Lithium-ion batteries [7–10] as shown in Fig. 1.

Fig. 1. Batteries at electric vehicles evolution
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2.3 Electric Vehicles Classifications

The EV’s present a good successor of existing petroleum automobile for many reasons,
the key words that show societies prefer EVs comparing to conventional vehicles are
the No-gas emission and less noise pollution. Due to air pollution and gas emission
laws, the automobile producers were requested to produce vehicles with matching
emission specifications which in turns lead to significant improvement of the electric
vehicle industries. EV’s have three categories based on the engine vs. battery instal-
lation as well as its charging technology [11]; these three categories are

Hybrid Electric Vehicle (HEV), Plug-in Hybrid Electric Vehicle (PHEV) and
Battery Electric Vehicles (BEV).

3 Directed Evolution Method

3.1 TRIZ Method

TRIZ is a Russian phrase “Teorija Rezhenija Izobretatelskih Zadach”, that means
“Theory of Inventive Problem Solving”. It is demonstrated systematic method to solve
problems. It was developed when the scientist and engineer Genrikh Altshuller
reviewed thousands of patents in 1946. He revealed that a technical system evolution of
is not a randomly occurs but overseen by guaranteed objective rules [12, 13]. TRIZ has
valuable and significant tools that have different features to support the scientific
prediction of the future generation, which include 40 inventive principle, Contradiction
Matrix, 9-Windows, S-Curve and Function Analysis.

3.2 Directed Evolution Method

The Directed Evolution (DE) is a proactive technique that utilized by an organization
assigned for the development of new system, products, processes, services and tech-
nology. It is the preparation of an inclusive scenarios that helps for future planning and
current development to achieve the proper successor [14, 15]. Five stages of DE are
shown in Fig. 2.

Fig. 2. Stages of directed evolution
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1. Collection of historical data.
2. Directed evolution diagnostics.
3. Synthesis of ideas.
4. Decision making.
5. Supporting the process evolution.

4 Result and Discussion

4.1 Collection of Historical Data

Lithium-ion batteries (LIB), is one of the most familiar rechargeable sources of energy,
it has led in portable electronic items in markets for last 25 years. Nevertheless, the
existing technology of LIBs which just about reach the theoretical capacity and leave
little competition space for further assessment which is not able to hold the current
applications requirements (e.g. Electric Vehicles) that need more capacity and better
lifecycle. With huge demand and massive market prospective, re-chargeable source of
energy with greater density and lower cost remain crucially under investigation [16–19].

Table 1 shows the relationship of battery technology among Past-Present-Future
stages and taking in consideration the influence of internal and external factors.

In the past, a Lead Acid rechargeable battery with basic internal (sub-system)
component (e.g. anode, cathode, liquid electrolyte and wiring connection), while
external components (super-system) were limited to safety and raw material concerns.

In present, Lithium-ion technology is improved and its “Battery Pack” version has
taken the lead in automobiles industry via its additional (sub-system) components (e.g.
different substances of and cathode, solid electrolyte, separator and battery modules).

Table 1. TRIZ 9-Windows for battery technology

Past Present Future

Super-
system

- RoHs
Standards
– Battery
Supplier

- RoHs Standards –
Battery Supplier
- Charging Station –

Local Authority

- RoHs Standards – Battery Supplier –
Charging Station – Local Authority –

Replacement System – BMS

System Rechargeable
Battery
(Lead Acid)
(LIQUID)

Lithium-ion (Li-
ion) Battery
(FIELD – Single
material)

Battery of 500 km capacity range and less than
30 min charging time (FIELD-Hybrid)

Sub-
system

- Anode
(Lead)
- Cathode
(lead-dioxide)
- Electrolyte
(Sulphuric
acid)
- Wiring
Connection

- Anode (Graphite,
LTO)
- Cathode (Li,Al,Ni,
Co)
- Electrolyte (Solid)
- Quick Connection
- Separator
(polyethylene)
- Battery Modules

- Anode (Sn-Li, Sn-Na Hybrid)
- Cathode (Li,NCA,S)
- Electrolyte (Solid)
- Separator (Tin, polymer)
- Rack Mounting
- Flat Shape
- Monitoring Sensors
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Its related (super-system) components encourage the process development (e.g.
charging stations policies and local authority).

In the future, the new vision of battery technology is going to be enhanced com-
ponents. The researches for sub-system components help to predict the next generation
technology with hybrid anode and cathode using more effective substances (e.g. Sn-Li,
Sn-Na), solid electrolyte, CAN communcation system, new flat shape and rack
mounting design, installing smart monitoring sensors).

4.2 Directed Evolution Diagnostics

As the main step of this strategy, the diagnostic stage needs more concentration,
brainstorming and connection of all collected data that were got about the history of
battery, competitors, advantages & disadvantages, etc. By applying a dedicated
knowledge of 9-windows and data collection, S-curve analysis can help to identify how
the correct directions for future development to achieve the targeted specifications as
shown in Fig. 3.

4.3 Synthesis of Ideas

This stage aims to create ideas which will transfer the recommended battery to the next
step of evolution. Tools and techniques to be utilized are Ideation brainstorming and
Evolutionary Analysis.

Fig. 3. Lithium battery prediction S-curve
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Based on 40 inventive principles, some principles have been useful in generating
the idea of future battery.

For Principle 3 (Local Quality), changing the structure of the battery is one of the
improvement modifications and the flat shape of the future battery is going to have
many advantages for utilizing efficiently the maximum available size and even to save
more space on the vehicle.

For Principle 8 (Anti-weight), the new rack mounting design will decrease sig-
nificantly the weight of the battery system which in turn will save more money of the
vehicles price.

For Principle 10 (Preliminary action), easy and immediate battery switching feature
by providing the vehicle with a redundant battery system (one in duty & one stand-by).
This technique will increase the available energy density (distance range) and dragging
the charging time to zero.

For Principle 12 (Remove Tension), changing the operating conditions by changing
to new substances and hybrid electrodes (e.g. Tin-Sn and sodium-Na) more effective
substances with better performance characteristics, current limitations and even cheaper
of commercial materials.

For Principles 13 (The other way round), this principle gives a hint to the manu-
facturers to utilize the reverse concept of charging/discharging. Battery is moving the
vehicle during discharging phase, so why not to be recharged using the rotational
movement of the vehicle itself.

For Principle 28 (Mechanics substitution), installing the future battery with smart
sensors and replacing the conventional wiring connection of the battery by CAN
(Controller Area Network) communication system which provides monitoring, con-
trolling and protection features for the battery system.

For Principle 31 (Porous materials), it is one of the important principles and adding
a catalytic element such as Graphene is going to improve the charging time due to its
superior physical, chemical and mechanical properties.

For Principle 35 (Parameter change), changing the structure of the future battery to
be more flexible will have positive impact on physical (less weight), technical (less
effected by external environmental conditions) and even safety characteristics (no leak
or vibration).

4.4 Decision Making

Since this stage needs personnel in sale, marketing, procurement and finance to be
involved, so we are not going deeply and will just utilize the questionnaire analysis tool
to recommend the needful to those in charge personnel.

As part of marketing and providing redundant battery, many customers have no
objection to pay a reasonable amount of deposit while having a quick battery
replacement and negligible recharging time.

4.5 Supporting the Process Evolution

It is not enough to have good plans, there will always be unexpected deviations and out
of control issues. Therefore, the earliest four stages can generally be done in a fairly
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short time. Certainly, they are a preparation for this critical stage of supporting the
process, which comprises the process continuous monitoring and making proper cor-
rections if needed. The next concerns need be monitored during the system’s
development:

• Looking for potential abnormalities in the charging stations environment.
• Predicting deviations analyzing planned versus actual results
• Correction of scenario.

Tools and techniques to be utilized:

• System training to assigned team.
• Continuous data collection of customers’ feedback and suggestions.
• Installing battery management system (BMS) including:

Data acquisition, Safety protection, Battery charging/discharging Controlling, Cell
balancing, Showing battery status and certification at the user interface, extending the
battery life (charging and discharging cycles).

5 Conclusions

The battery industry is one of the most rapidly improved recently and many researches
have being conducted even at the moment of writing these words. The understanding of
the battery structure and its made substances will lead effectively to the right
improvement directions and create a new generation of battery that has significant
features and characteristics such as energy density (Capacity), durability, charging time
and safety.

Based on TRIZ inventive tools and Directed Evolution (DE) process, the dedicated
physical, chemical and mechanical states of the battery can be improved using the 40
Inventive Principles to predict the next generation of battery system which is expected
to have some (or even all) of the following characteristics:

Structure: It has two effected parts,

– Adding catalytic element such as Graphene.
– Using new substances and Hybrid electrodes (e.g. Tin-Sn and sodium Na)

Design: It has three effected parts,

– New flat and flexible shape.
– Changing the state of electrolyte to solid.
– New rack mounting installation.

Charging System: It has two effected parts,

– Including redundant battery system.
– Utilizing the vehicle’s rotary motion to for recharging.
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Control Technology: It has two effected parts,

– Changing to CAN communication connection.
– Installing smart sensors for monitoring and protection.
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Abstract. The paper proposes a classification approach of 40 Inventive Prin-
ciples with an extended set of 160 sub-principles for process engineering, based
on a thorough analysis of 155 process intensification technologies, 200 patent
documents, 6 industrial case studies applying TRIZ, and other sources. The
authors define problem-specific sub-principles groups as a more precise and
productive ideation technique, adaptable for a large diversity of problem situ-
ations, and finally, examine the anticipated variety of ideation using 160 sub-
principles with the help of MATCEM-IBD fields.

Keywords: TRIZ � 40 Inventive Principles � Process engineering � Process
innovation

1 Introduction

The scope of process innovation and intensification in process engineering (PE) is
interdisciplinary, diverse and complex. It focuses on design, operation, control, and
optimization of chemical, physical and biological processes and has applications in a
wide range of industrial sectors. However, the typical scenarios for developing vital
innovations in PE are not easy as it may be initially perceived. Process engineering
problems are specific and complex situations involving multiple physical-chemical
parameters, processing methods, and process equipment [1]. Furthermore, process
intensification (PI) and implementation of new technologies and eco-innovative solu-
tions in process engineering often lead to numerous additional negative side effects and
secondary problems, resulting in three types of engineering contradictions [2], as
illustrated in Fig. 1.

The Theory of Inventive Problem Solving (TRIZ) is one of the most comprehen-
sive, systematically organized invention and creative thinking methodologies for
enhancing the intensification of processes in PE [3, 4]. One of the main advantages of
TRIZ is that it helps to find new inventive solutions for a given problem in a systematic
way by using the entire potential of science, engineering and outside of the originally
formulated problem field [5, 6].

TRIZ has already found successful applications in PE, such as new development of
chemical or biochemical products and technologies [7–9], problem-solving with
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inventive principles and standard solutions [10, 11], TRIZ evolutionary forecast of
equipment [12] and technologies [13]. Authors outline in their recent paper [3] that the
fundamentals and objectives of Process Intensification [14–17] are highly consistent
with the evolution laws of technical systems in the TRIZ methodology. Among
numerous components of TRIZ, the 40 Inventive Principles belong to the tools most
frequently mentioned in research papers [18] and used in practice [19].

Over the past decades, the 40 TRIZ Inventive Principles have been widely used to
solve technical contradictions in various engineering domains and enhanced through
adjustments, illustrations and examples for specific fields of application. The 40
Inventive Principles are good for newcomers to TRIZ, simple to use or modify for
specific technical domains and can be easily integrated into brainstorming or daily
engineers work [3]. Moreover, several studies on Inventive Principles have been
conducted to improve the quantity and quality of ideation process for the various
engineering domains. The study [20] has grouped Inventive Principles in redesign
service approaches (RSA) to solve service problems. Russo and Spreafico [21] clas-
sified Inventive Principles through functional behaviour structure (FBS) ontology.
Livotov and Petrov [6] established specific groups of Inventive Principles for industrial
and business practices. Mann [22] proposed a classification of the Inventive Principles
based on three areas of intervention: space, time and interface. Further, the Inventive
Principles also have been enhanced by providing engineering interpretations and
examples for chemical engineering [23, 24]. Recently, Petrov (2018) presented the
“universal” 40 Inventive Principles with engineering illustrations with changed or
extended names or formulations of certain principles and sub-principles [25].

Even though many studies have expanded and enhanced Inventive Principles and
sub-principles to a broader range of applications, the major challenge for the engineers
remains a precise selection of the strongest principles or sub-principles for specific
problems and fast solving of primary and secondary contradictions. Therefore, this

Engineering
contradictions

Non-eco 
engineering 

contradictions

Improvement  
of one non-eco 

parameter worsens 
another non-eco 

parameter

Primary  
eco-engineering 
contradictions

Improvement  
of non-eco 

parameter results in 
worsening of eco-

parameter

Improvement  
of eco-parameter 
causes worsening 

of non-eco 
parameter

Secondary
eco-engineering

contradictions

Improvement of one 
eco-parameter 

causes worsening 
of another  

eco-parameter

Fig. 1. Types of engineering contradictions in process intensification [2]

Classification of TRIZ Inventive Principles and Sub-principles 315



study classifies and proposes sets of recommended 40 Inventive Principles with 160
sub-principles for different domains in process engineering such as, for example,
reduction of environmental impact, intensification of processes involving solids han-
dling, reduction of energy and material losses. The classification method summarizes
and evaluates the recent research studies of the authors [2–4, 26] on further develop-
ment of TRIZ principles for PE, based on thorough analysis of 200 patent documents,
155 process intensification technologies, and 6 comprehensive industrial case studies.
Authors of the paper also recommend the specific sub-principles groups as a promising
more precise and productive ideation technique, adaptable for a large variety of
problem situations. Furthermore, the anticipated variety of ideation using 160 sub-
principles is verified with the help of nine MATCEM-IBD fields (Mechanical,
Acoustic, Thermal, Chemical, Electric, Magnetic, Intermolecular, Biological and Data
Processing).

2 Methodology

In the authors’ previous studies [2–4, 26] the top 10–20 most effective and frequently
used Inventive Principles in process engineering (PE) have been identified in PE
patents, process intensification (PI) technologies, and industrial case studies, and
compared with the inventive principles recommended by process intensification
strategies [27] and the classical Altshuller matrix [5]. It is important to note that the
performed analysis was carried out using the extended version of 40 Inventive Prin-
ciples with 160 sub-principles proposed in [3] and presented in Appendix, which
addresses the needs of process engineering regarding multiple physical-chemical
parameters, processing methods, and process equipment. Furthermore, compared with
the original number of sub-principles varying between 85 and 95 [5], the new version
of the Inventive Principles contains at least 65 additional sub-principles relevant for
process engineering. Additionally, the sub-principles have been assigned to
MATCEM-IBD fields of interactions in order to evaluate the anticipated variety and
completeness of ideation with sub-principles for PE problems.

2.1 Identification and Analysis of Inventive Principles in Patent
Documents

The patent literature is the most important and complete source for actual technical
information [28, 29]. Identification of inventive principles from the PE patents has been
associated with invention goals, processing methods or equipment, and with the
specific PE sub-domains. Thus, 150 patent documents in the field of solids handling
and 50 patent documents in the field of eco-friendly process intensification technolo-
gies, published between 2000 and 2017, were selected and analyzed for this purpose [3,
26]. For example, in the eco-technology patent document US20140299028A1 the goal
of invention is the reduction of environmental pollution and fouling, when burning coal
by adding sorbents to raw material (powder components containing calcium, alumina,
silica, iron, magnesium, and a halogen sorbent). The corresponding associated inven-
tive sub-principles are (9a) Counter harm in advance and (11b) Preventive measures.
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2.2 Identification and Analysis of Inventive Principles in PI Technologies

In addition to the patent documents, the identification of inventive principles typical for
process engineering has been performed by analysis of the existing process intensifi-
cation (PI) technologies. The PI technological databases are continuously evolving and
currently cover a wide range of more than 155 processing methods and equipment,
such as equipment involving and not involving chemical reactions, multi-functional
reactors, hybrid separation methods, alternative energy sources and others [14, 15].
Many of these PI technologies are not only fully described and documented but also
validated or implemented in the industry. The obtained information about underlying
inventive principles in PI technologies is as a rule more precise and reliable in com-
parison to the inventive principles derived from the patents only. For example, our
research paper [3] shows the identification of TRIZ inventive principles and sub-
principles in a Spiral Flash Dryer [30], a new compact equipment combining the
advantages of a flash dryer and of a fluidized bed. Corresponding inventive sub-
principles for spiral flash drier are (29a) Gas as a working element; (29d) Fluidization
of powders or granulates; (14b) Use sphere, cylinders, cones; (14d) Swirling motion;
(17e) Increase contact area between objects or substances; (21b) Boost the process that
may result in new useful properties.

Among 155 analyzed PI technologies about 58 technologies can be assigned to the
thermal operations and methods. These thermal technologies can be recommended for
solving of eco-problems such as high energy consumption and energy losses. The
example of the microwave heating technology in Table 1 illustrates the identified
characteristic pair of inventive sub-principles, such as (28a) Use electromagnetics and
(35d) Change temperature.

Additionally, analysis of 15 strongest process intensification strategies [27] helps to
point out the corresponding TRIZ Inventive Principles and sub-principles, as illustrated
in Table 2 [26].

2.3 Analysis of Inventive Principles Applied in Industrial Case Studies

In 6 case studies the Advanced Innovation Design Approach (AIDA) and TRIZ
Inventive Principles have been applied by the authors for process intensification in the

Table 1. TRIZ Inventive Principles assigned to the microwave heating technology

N Key characteristics of the PI
technology

TRIZ Inventive
Principles

Corresponding sub-
principles (inventive
operators)

1 Heating of dipole molecules such as
water

35 Transform
physical and
chemical properties

(35d) Change
temperature

2 Microwaves enhance the motions of
free ions/ionic species resulting in
even heating

28 Replace
mechanical working
principle

(28a) Use
electromagnetics
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field of chemical, pharmaceutical, ceramic, and mineral industries: (1) Separation of
ceramic-metal powders, (2) Dry granulation of ceramic powders, (3) Metal ore bene-
ficiation, (4) Granulation of pharmaceutical powders, (5) Drying of pharmaceutical
powders, and (6) Mixing of chemical reagents [4]. After the performed problem def-
inition and ranking, the process engineers and researchers applied the enhanced version
of 40 Inventive Principles with in total 160 sub-principles. The application of the
principles has been performed for each partial problem separately in the recommended
order proposed in Table 3 [6], whereby each idea generation phase has been started
with statistically strongest principles (group 1), optionally followed by the group 2 in
case of design problems or by the group 3 for process optimization problems. The
application of TRIZ inventive principles resulted in 234 new solution ideas and 28
patentable concepts, whereby each idea was assigned to one or more inventive sub-
principles. To the outcomes of the study [4] belongs the identification of the most
effective inventive principles and corresponding sub-principles, which have led to the
strongest ideas integrated in 28 innovation concepts.

2.4 Identification of Inventive Principles for Solving Eco-Contradictions
with the Altshuller Matrix

In their prior research work [26], the authors have applied the classical 39 � 39 TRIZ
Contradiction Matrix, also known as Altshuller matrix [5], for identification of the
inventive principles for eco-engineering contradictions in PE with 5 ecologically rele-
vant parameters, such as Energy consumption of the moving object (n19) and of the non-
moving object (n20), Energy losses (n22), Material losses (n23), Amount of substance
(n26). The mentioning frequency of the inventive principles has been evaluated from the
following eco-contradictions regarding efficiency of energy or material utilization:

Table 2. Classification of TRIZ Inventive Principles in 15 process intensification strategies in
PE (fragment)

15 Process Intensification strategies [27] 40 TRIZ Inventive Principles

1. Modification of operating conditions:
temperature, pressure, concentration
2. New solvents to reduce environmental
impact of processes
3. Modification of fluid phase properties by
change of pressure or temperature

35. Transformation of the physical and
chemical properties: Change an object’s
aggregate state (35a), change the object’s
concentration or consistency (35b), change the
object’s temperature (35d), change process
chemistry (35e)

3. Modification of fluid phase properties by
addition of gas bubbles or solid particles

40. Composite materials: composition of
materials in different aggregate states (40e)

4. Inert species addition in multiphase flow:
emulsifying additives, viscosifying agents …

39. Inert environment: Inert coatings or
additives (39d)
24. Mediator: intermediate object (24a)

… …

10. Parallelism in the process, multi-scale
design
15. Coupling with separation

5. Combining: parallel operations (5a),
combine process steps to perform parallel or
contiguous operations (5b)
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(a) 65 primary eco-contradictions resulting from improvement of parameters Energy
consumption of the moving object (n.19), Energy consumption of the non-moving
object (n.20), and Energy losses (n.22) on the one hand and worsening of the
other 34 non-ecological parameters of the Altshuller matrix on the other hand.

(b) 64 primary eco-contradictions resulting from improvement of parametersMaterial
losses (n.23), Amount of substance (n.26) on the one hand and worsening of the
other 34 non-ecological parameters of the matrix on the other hand.

In general, a comparison of most frequently recommended top 10 inventive prin-
ciples from the Altshuller Matrix with the top 10 inventive principles extracted from 50
eco-patents or 58 thermal operations [26] reveals about 50% overlapping of principles
in different top 10 lists.

3 Results

3.1 Identification of Strongest Inventive Principles and Sub-principles
in PE

Table 4 summarizes the recommended or statistically most frequently applied TRIZ
Inventive Principles and sub-principles, which were extracted from 8 different sources
of information and analysis, such as PE patents, PI technologies, industrial cases
studies, scientific literature, classical Altshuller matrix and recommendations presented
in the Table 3. Additionally, the ranking method [26] using mean occurrence frequency

Table 3. Recommended order for application of 40 Inventive Principles in the case studies [6]

Group 1:
Statistically strongest principles

(35) Transform physical and chemical properties,
(10) Prior useful action, (1) Segmentation, (28) Replace
mechanical working principle, (2) Leaving out/
Trimming, (15) Dynamism and adaptability,
(19) Periodic action, (3) Local quality, (17) Shift to
another dimension, (13) Inversion, (18) Mechanical
vibration, (26) Copying

Group 2:
Principles for solving design
problems

(6) Universality, (5) Combining, (29) Pneumatic or
hydraulic constructions, (30) Flexible shells or thin films,
(7) Nesting/ Integration, (8) Anti-weight, (4) Asymmetry,
(40) Composite materials, (24) Mediator, (14) Sphericity
and Rotation, (23) Feedback and automation, (31) Porous
materials, (25) Self-service

Group 3:
Principles for specific problems in
Process Engineering

(16) Partial or excessive action, (27) Disposability,
(20) Continuity of useful action, (32) Change colour,
(21) Skipping/ Rushing through, (11) Preventive
measure, (33) Homogeneity, (22) Converting harm into
benefit, (39) Inert environment, (37) Thermal expansion,
(36) Phase transitions, (38) Strong oxidants,
(34) Rejecting and regenerating parts,
(12) Equipotentiality, (9) Prior counteraction of harm
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of principles and sub-principles in different sources allows one to select and to rec-
ommend top 10 or top 20 lists of principles and sub-principles for different applications
and tasks in process engineering, as shown in the Table 5.

3.2 Sets of Recommended Inventive Principles and Sub-principles for PE

As presented in Table 5, the following sets of TRIZ Inventive Principles and sub-
principles can be recommended for efficient ideation and systematic problem solving in
specific domains of PE, such as intensification of processing technologies, equipment
and methods in general (1), environmental problems (2), intensification of processes
involving solids handling (3).

Table 4. Identified most frequently used or recommended TRIZ Inventive Principles and sub-
principles for PE problems

Sources Problem category Inventive Principles Sub-principles

(1) 150 solids
handling
patents [3]

Intensification of
processes involving
solids in ceramic and
pharmaceutical
industries

40, 35, 14, 29, 5,
24, 6, 33, 1, 18, 9,
15, 20, 25, 28, 31,
13, 17, 22, 34

40a, 35b, 40c, 6a, 33a,
29a, 20a, 24a, 31a, 9a,
34a, 35d, 1e, 3a, 14a, 14b,
14c, 15c, 18a, 22a

(2) 100 eco-
patents [26]

Environmental
problems and eco-
engineering
contradictions in PE

25, 2, 22, 15, 9, 1,
29, 34, 35, 40, 5,
21, 33, 10, 11, 14,
28, 37, 3, 8

2a, 25b, 22a, 25a, 15a,
21a, 29a, 33a, 34a, 1a, 5b,
9a, 9b, 10a, 11b, 35b,
37a, 40a, 3a, 14a

(3) 155
PI-technologies [3]

Intensification of
processing
technologies,
equipment and methods

14, 29, 35, 2, 5, 36,
6, 28, 24, 18, 30, 1,
10, 7, 13, 8, 15, 17,
19, 20

36a, 2e, 14c, 29e, 6b, 28a,
14b, 35a, 35d, 5a, 30e,
18a, 24b, 29a, 35b, 2a,
5b, 10a, 20a, 19d

(4) 58 thermal PI
technologies [26]

Reduction of energy
consumption and losses

35, 5, 2, 29, 28, 36,
10, 20, 24, 30, 7,
13, 6, 17, 1, 15, 31,
34, 3, 9

29e, 2e, 35d, 35a, 36a, 5a,
28a, 5b, 10a, 20a, 30e,
35b, 2a, 6a, 13d, 24b, 5c,
7a, 7b, 24a

(6) 15 PI
strategies [27]

Supporting of process
intensification
strategies

35, 40, 39, 24, 17,
8, 5, 1, 3, 19, 15, 25

35a, 35b, 35c, 35d, 35e,
40e, 39a, 24a, 17e, 17b,
8d, 5a, 5b, 1a, 3a, 19a,
15a, 25b, 25c

(7) 6 industrial
case studies [4]

Processes involving
solids handling

35, 14, 13, 3, 28, 1,
5, 22, 2, 16, 17, 10,
40, 24, 6, 31, 29,
25, 19, 15

35b, 13d, 28a, 3c, 14b,
22a, 1d, 3d, 14c, 16a, 35c,
2b, 5b, 10a, 24c, 40a, 1a,
2e, 6b, 14a

(8) Altshuller
contradiction
matrix [5]

Reduction of energy
consumption and losses

35, 10, 18, 3, 29,
28, 40, 31, 2, 15

Reduction of material
consumption and losses

35, 19, 2, 18, 11,
15, 28, 7, 1, 38
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The authors also advocate the view that application of statistically strongest sub-
principles is more efficient, less time-consuming and can be characterized by more
precise ideation. For example, the top 15 inventive principles for solving environmental
contradictions contain 61 sub-principles. Evidently, the use of the strongest 20…25
sub-principles with higher ranking significantly reduces time expenditures for idea
generation.

Table 5. Recommended sets of top 10 TRIZ Inventive Principles and sub-principles for ideation
in process engineering

Set Problem category Inventive Principles and sub-principles

1 Intensification of processing
technologies, equipment and
methods

Top 10 Inventive Principles:
14. Sphericity and Rotation, 29. Pneumatic or
hydraulic constructions, 35. Transform physical and
chemical properties, 2. Leaving out/Trimming, 5.
Combining, 36. Phase transitions, 6. Universality,
28. Replace mechanical working principle, 24.
Mediator, 18. Mechanical vibration.
Top 10 sub-principles:
36(a), 2(e), 14(c), 29(e), 6(b), 28(a), 14(b), 35(a), 35
(d), 5(a).

2 Environmental problems and eco-
engineering contradictions

Top 10 Inventive Principles:
35. Transform physical and chemical properties, 2.
Leaving out/ Trimming, 5. Combining, 25. Self-
service/ Use of resources, 29. Pneumatic or
hydraulic constructions, 28. Replace mechanical
working principle, 15. Dynamism and adaptability,
22. Converting harm into benefit, 10. Prior useful
action, 9. Prior Counteraction of harm.
Top 10 sub-principles:
2(a), 29(e), 25(b), 2(e), 22(a), 35(d), 5(b), 10(a), 35
(a), 28(a).

3 Intensification of processes
involving solids handling

Top 10 Inventive Principles:
35. Transform physical and chemical properties, 40.
Composite materials, 14. Sphericity and rotation,
28. Replace mechanical working principle, 13.
Inversion, 3. Local quality, 1. Segmentation, 5.
Combining, 29. Pneumatic or hydraulic
constructions, 24. Mediator.
Top 10 sub-principles:
40(a), 35(b), 28(a), 13(d), 14(b), 22(a), 14(c), 29(a),
40(c), 16(a)
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3.3 Anticipated Variety of Ideation Based on 160 Inventive Sub-
principles

In addition to the quantity and quality of ideas, the ideas breath or variety belongs to
the major objective measures of ideation effectiveness [31]. One of the common
approaches to assess the ideas variety stipulates that every idea must be assigned to the
eight engineering MATCEM-IB fields known in TRIZ: Mechanical, Acoustic, Ther-
mal, Chemical, Electric, Magnetic, Intermolecular, and Biological [4, 32]. A more
uniform distribution of the ideas over the eight fields corresponds to a higher of breadth
or variety. As the variety is strongly influenced by the ideation techniques [32], this
section analyses how it can be affected by use of 160 inventive sub-principles. For this
purpose, 160 sub-principles have been assigned to 11 categories, presented in Fig. 2.
The category “Independent” includes sub-principles, which don’t relate directly to any
field or engineering domain, like for example (1e) Segment process or (2d) Trim
process steps. The category “Universal” includes the sub-principles which can be
assigned to any of fields, like (4b) Enhance asymmetry. To these categories belong
respectively 36 and 29 sub-principles. The idea generation with the independent or
universal sub-principles doesn’t compulsorily lead to a change of the “field” in the
working principle of a technical system. The remaining 95 sub-principles can be dis-
tributed with multiple selection between Mechanical (52 sub-principles), Acoustic (5),
Thermal (19), Chemical (25), Electric and Magnetic (14), Intermolecular (13) and
Biological (1) fields. Additionally, 6 sub-principles (23a, 23b, 23c, 23d, 26d, 26e) has
been exclusively assigned to the introduced Data processing or Information field.

Mechanical 26%

Acoustic 2%

Thermal 9%

Chemical 12%
Electrical and Magnetic 7%

Intermolecular 7%

Biological 0.5%

Data processing 3%

Universal 14.5%

Independent 18%

160 Sub-principles 
distribution over 

MATCEMIBD fields

Fig. 2. Distribution of the 160 sub-principles over MATCEM-IBD fields, universal and
independent categories (multiple selection for the MATCEM-IBD fields possible).
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The performed analysis of sub-principles assignment to MATCEM-IBD fields
depicts a rather unbalanced distribution with 26% of mechanical sub-principles on the
one hand, and 3% data processing or 0,5% biological sub-principles on the other hand.
This fact should be taken into consideration by the selection of the sub-principles for
specific application sets in order to enable a higher ideation variety. At the same time
the extension of classical 40 Inventive Principles with additional sub-principles helps to
increase the shares of chemical (12%), thermal (9%) and intermolecular (7%) sub-
principles relevant for process engineering.

4 Conclusions

The selection of strongest inventive principles for specific problems in process engi-
neering remains more challenging due to the complexity of interdisciplinary problem
situations. The presented research classifies 40 TRIZ Inventive Principles and sub-
principles for their applications in different problem and innovation situations in pro-
cess engineering with the objective to enable a fast selection of strongest ideation
operators in the industrial practice. The proposed approach of multi-source identifi-
cation of strongest inventive principles from complementary patent or technology
databases and literature can be also applied in other engineering domains. The authors
advocate that the idea generation with strongest sub-principles can significantly
improve ideation efficiency in quantity, quality and variety in the early stage of
innovation process. This statement can be the subject matter of a future research. The
performed interdisciplinary and completeness analysis of 160 inventive sub-principles
relating to the MATCEM-IBD fields attests balanced results for process engineering
but reveals a necessity of taking into account additional informational and biological
sub-principles.

Appendix: 40 Inventive Principles and 160 Sub-principles Without
Description and Examples [3, 26]

1. Segmentation: 1(a) Segment object; 1(b) Dismountable design; 1(c) Segment to
microlevel; 1(d) Segment function; 1(e) Segment process.

2. Leaving out/Trimming: 2(a) Take out disturbing parts; 2(b) Trim components; 2
(c) Trim functions; 2(d) Trim process steps; 2(e) Extract useful element.

3. Local quality: 3(a) Non-uniform object; 3(b) Non-uniform environment; 3(c)
Different functions; 3(d) Optimal conditions; 3(e) Opposite properties.

4. Asymmetry: 4(a) Asymmetry; 4(b) Enhance asymmetry; 4(c) Back to symmetry.
5. Combining: 5(a) Combine similar objects; 5(b) Combine functions; 5(c) Combine

different properties; 5(d) Combine complementary properties; 5(e) Combine
opposing properties.

6. Universality: 6(a) Universal object; 6(b) Universal process.
7. Nesting/Integration: 7(a) Nested objects; 7(b) Passing through cavities; 7(c)

Telescopic systems.
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8. Anti-weight: 8(a) Use counterweight; 8(b) Buoyancy; 8(c) Aero- or hydrody-
namics; 8(d) Use gravitational or centrifugal forces.

9. Prior Counteraction of harm: 9(a) Counter harm in advance; 9(b) Anti-stress; 9
(c) Cooling in advance; 9(d) Rigid construction.

10. Prior useful action: 10(a) Prior useful function; 10(b) Pre-arrange objects; 10(c)
Prior process step.

11. Preventive measure/Cushion in advance: 11(a) Safety cushion; 11(b) Preventive
measures.

12. Equipotentiality: 12(a) Keep altitude; 12(b) Equipotentiality; 12(c) Avoid
fluctuations.

13. Inversion: 13(a) Inversed action; 13(b) Make fixed parts to movable; 13(c) Upside
down; 13(d) Reversed sequence; 13(e) Invert environment.

14. Sphericity and Rotation: 14(a) Ball-shaped forms; 14(b) Spheres and cylinders;
14(c) Rotary motion; 14(d) Swirling motion; 14(e) Centrifugal forces.

15. Dynamism and adaptability: 15(a) Optimal performance; 15(b) Adaptive object;
15(c) Adaptive process; 15(d) Flexible elements; 15(e) Change statics to dynamics.

16. Partial or excessive action: 16(a) One step back from ideal; 16(b) Optimal sub-
stance amount; 16(c) Optimal action.

17. Shift to another dimension: 17(a) Multi-dimensional form; 17(b) Miniaturization;
17(c) Multi-layered structure; 17(d) Tilt object; 17(e) 3D interaction.

18. Mechanical vibration: 18(a) Oscillate object; 18(b) Ultrasound; 18(c) Resonance;
18(d) Piezo-electric vibrators; 18(e) Ultrasound with other fields.

19. Periodic action: 19(a) Periodic action; 19(b) Change frequency; 19(c) Use pauses;
19(d) Match frequencies; 19(e) Separate in time.

20. Continuity of useful action: 20(a) Continuous process; 20(b) Operate at full load;
20(c) Eliminate idle work.

21. Skipping/Rushing through: 21(a) Skip hazardous operations; 21(b) Boost the
process.

22. Converting harm into benefit: 22(a) Utilize harm; 22(b) Remove harm with
harm; 22(c) Amplify harm to avoid it.

23. Feedback and automation: 23(a) Introduce feedback; 23(b) Enhance feedback;
23(c) Automation; 23(d) Data processing.

24. Mediator: 24(a) Intermediate object; 24(b) Temporary mediator; 24(c) Interme-
diary process.

25. Self-service/Use of resources: 25(a) Object serves itself; 25(b) Utilize waste
resources; 25(c) Use environmental resources.

26. Copying: 26(a) Simple copies; 26(b) Optical copies; 26(c) Invisible copies; 26(d)
Digital models; 26(e) Virtual reality.

27. Disposability/cheap short-living objects: 27(a) Short-living objects; 27(b) Mul-
tiple cheap objects; 27(c) One-way objects; 27(d) Create objects from resources.

28. Replace mechanical working principle: 28(a) Use electromagnetics; 28(b)
Optical systems; 28(c) Acoustic system; 28(d) Chemical and biosystems; 28(e)
Thermal Systems.

29. Pneumatic or hydraulic constructions: 29(a) Gaseous or liquid flows; 29(b) Gas
or liquid under pressure; 29(c) Use vacuum; 29(d) Fluidization; 29(e) Heat transfer
and exchange.

324 A. P. Chandra Sekaran et al.



30. Flexible shells or thin films: 30(a) Flexible shells or films; 30(b) Flexible isola-
tion; 30(c) Piezoelectric foils; 30(d) Use brushes; 30(e) Use membranes.

31. Porous material: 31(a) Add porous elements; 31(b) Fill pores with substance; 31
(c) Use capillary effects; 31(d) Physical effects and porosity; 31(e) Structured
porosity.

32. Change colour: 32(a) Change colour; 32(b) Change transparency; 32(c) Coloured
additives; 32(d) Use tracer.

33. Homogeneity: 33(a) Similar materials; 33(b) Similar properties; 33(c) Uniform
properties.

34. Rejecting and regenerating parts: 34(a) Discard useless parts; 34(b) Restore
parts; 34 (c) Create parts on time and on site.

35. Transform physical and chemical properties: 35(a) Change aggregate state; 35
(b) Change concentration; 35(c) Change physical properties; 35(d) Change tem-
perature; 35(e) Change chemical properties.

36. Phase transitions: 36(a) Phase transitions; 36(b) 2nd order phase transitions
37. Thermal expansion: 37(a) Thermal expansion; 37(b) Bi-metals; 37(c) Heat

shrinking; 37(d) Shape memory.
38. Strong Oxidants: 38(a) Oxygen-enriched air; 38(b) Use pure oxygen; 38(c) Use

ionized oxygen; 38(d) Use ozone; 38(e) Strong oxidants.
39. Inert environment: 39(a) Inert environment; 39(b) Inert atmosphere process; 39(c)

Process in vacuum; 39(d) Inert coatings or additives; 39(e) Use foams.
40. Composite materials: 40(a) Composite materials; 40(b) Use anisotropic proper-

ties; 40(c) Additives in composites; 40(d) Composite microstructure; 40(e) Com-
bine different aggregate states.
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Abstract. Solid waste separation is an imperative part for closing material flow
under principles of the circular economy. A multitude of technologies are at a
different stage of development to perform this task and meet performance
requirements at extracting valuable resources from waste streams. A thorough
review of available options and possibilities for future development was
required to pursue further progress. TRIZ (from Russian abbreviation: Theory of
Inventive Problem Solving) methodology facilitated drawing a technological
landscape for state of the art in solid waste separation for material recovery, as
well as generating new directions of research. From the vast collection of TRIZ
tools for systematic invention two approaches helped in the survey: effects
databases and function-oriented search. Positive outcomes of their application
include systematization of available knowledge, identification of potentially
useful phenomena and getting ideas for the adoption of technologies from other
domains. The case illustrates how rather loose (due to the broadness of the topic)
application of TRIZ methods results in fruitful insights. A view at the effects
databases as a collection of technological “genes” is given.

Keywords: Effects database � Function-oriented search � Material recovery �
Waste separation

1 Introduction

Concerns about scarce natural resources and ever-increasing amount of waste promote
the implementation of the circular economy principle. One of the key points of the
circular economy is material recovery from waste for further reuse in new products.
Material liberation and separation are the essential prerequisites for closing the loop of
material flow, as materials recycled from waste should attain a certain level of purity to
be used for new products of same quality [1]. Separation of materials from commingled
waste streams poses technological challenges and addressing them requires an in-depth
knowledge of state of the art in both industry and academia. Further development of
technical means for waste separation cannot progress without novel ideas. Acquiring
such knowledge together with insights into the future prospective is the task a research
institution faces as it enters the field and seeks for its own path.
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Various decision support tools were developed in the past for the recycling field.
They suggested optimal waste treatment scenario [2], predicted achievable material
recovery from complex products [3], maximized profit by rearranging waste separators
in sequence [4]. Recent reviews of separation technologies discussed their pros and cons
in a narrative manner [1, 5, 6], attempting to address one of the significant issues with
technological roadmapping – capturing large sets of quantitative and qualitative data [7].
An idea generation tool for the treatment of a particular waste through structured web
search queries of related terms was realized in [8]. Methods of technological
roadmapping for manufacturing enterprises fall into four categories according to [9]:

• Causal models,
• Phenomenological models,
• Intuitive models,
• Monitoring and mapping.

When technological forecasting is taken more broadly (including research interests,
for example), the analysis itself can be classified in nine dimensions (driver, locus etc.),
whereas the methods fall into more than ten families of distinct purposes [10].

Review and comparison of technologies for mechanical separation of solid waste
was done to determine their capabilities and limitations. The broadness of the topic and
technological diversity required auxiliary tools to make the analysis systematic and
facilitate the generation of feasible ideas. Tools applied in the study belong to the
methods of modern TRIZ. TRIZ (from Russian abbreviation: Theory of Inventive
Problem Solving) methodology provides a set of tools for systematic invention given
the defined problems and goals [11]. Wide research question and limited experience in
TRIZ narrowed the arsenal used in the study down to a couple of tools: databases of
physical effects and the Function-Oriented Search (FOS) [12]. Presenting the outcomes
of their fragmentary application is the subject of the present paper.

2 Methods

The study [13] consisted of two parts: a comparative review of technologies based on
literature search and suggestion of new principles that could potentially improve waste
separation. Although they have a different meaning, the latter stems from the former
one, as it will become clear from the following description.

The use of effects databases had several goals in mind:

1. For every technology, there was found a set of effects that play the role in its
operation. This could help to categorize technologies and draw boundaries between
technologies of a similar kind.

2. Representation of technologies as the sets of effects allowed to see better the
evolution path among technology families, especially for old separation technolo-
gies stemming from the centuries-long mining industry.

3. A list of effects (together with technologies) would suggest those that remain
unused in modern recycling, some of which could find a real application.
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As it can be seen already, the same database can have a positive effect on both
review and idea generation parts of the study. The list of effects and technologies was
taken from the online databases by Aulive [14] and Oxford Creativity [15]. Altogether
they made about 600 entries (with repetitions). The idea of the effect lists was extended
with a list of material properties that focused on the intrinsic properties by which
materials were distinguished from each other. The list of material properties was taken
from filter values of the material search database Matmatch [16].

For objective comparison of technology the diverse information found was stored
in .json format text file in a nested form (see Fig. 1), namely a record of every tech-
nology constituted a tree, with the technology basic definition and associated properties
(like target material properties, effects, affecting factors, maturity level) in the root and
splitting into branches with instances of research or industrial devices and associated
performance figures, both categorical (like materials sorted) and numerical (purity
grade, recovery rate etc.). A custom piece of software was written in Julia language to
parse the file and extract information about technologies meeting the search criteria in
both tabular and graphical form (see example in Fig. 2). Information from 199 sci-
entific publications, patents and commercial leaflets about more than 40 technologies
was collected in the database.

Finally, the FOS was used to recruit working principles and technologies used
elsewhere outside recycling. A couple of striking similarities between waste sorting and
other fields of technology will be shown.

Fig. 1. Excerpt from the .json text file, showing the nested structure of the database.
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3 Useful Outcomes of TRIZ

In the following, some examples of the applied TRIZ procedures are given alongside
with observations on their applicability.

3.1 Effects for Systematics

The organizing power of matching technologies with effects can be illustrated with the
family of separation methods based on the difference in density. The very basic sink-
float process lets waste fragments to segregate depending on their buoyancy in a liquid.
The process is rather slow and obscured by material wettability and fluid viscosity. The
gravity force can be replaced with centrifugal force produced either in hydrocyclone
[17] or decanter centrifuge [18]. Another approach to diminish the unwanted secondary
factors is replacement of hydrostatic (Archimedes’) force with hydrodynamic forces
acting intermittently in the wet shaking table [19], multidune [20], water jigging [21] or
wet fluidized bed processes [22]. It can be further subdivided whether the alternating
acceleration is excited with vibrations or zigzag flow of fluid. Practically for every
aforementioned wet process, a complementary dry separation process can be found.
Again, the underlying effects make the match rather explicit, like the use of zigzag flow
pattern in multidune and zigzag air classifier [23].

Recently some new density-based methods emerged that introduced considerable
adaptivity to the ordinary sink-float methods. The principle that attained the greatest
success is manipulation of the Archimedes’ force by placing the separation medium in
the magnetic field. Options for the fluid are a solution of paramagnetic salt [24] or
ferrofluid – the suspension of iron particles in water [25]. The interaction between the
magnetic fluid and the field alters the apparent density of the fluid so that its layers
attain different density. This enables separation of materials into multiple fractions in
one separation volume (material particles float at the different depth), as well as
adjustment of the density ranges without altering the fluid itself. One step further from

Fig. 2. The efficiency of several optical spectrometry methods for classifying different materials,
plot generated straight from the database.
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that is the creation of a virtual inclined plane in the tank by inclining the external
magnetic field. In this case, no propulsion for the floating items is needed, since they
slide downhill along the layer of constant fluid density. This shows the broadness the
effects can be treated with to build analogies between the processes. Also, the mac-
roscale of material separation in waste processing allows utilization of effects not
applicable for solid handling in conventional process engineering (compare with [26]):
Magnus effect (eddy current separation [27]), stick-slip effect (air tabling [28]), tri-
boelectricity (triboelectrostatic separation [28]).

Certain difficulties were faced in the description of sensor-based sorting, as the
underlying interaction between matter and electromagnetic (EM) radiation is not so
well covered by the list of effects and a significant amount of know-how is hidden
behind the classification algorithms. Still, some systematization was possible as to
which part of the EM spectrum is used, type of interaction, e.g. reflection, transmission
or fluorescence etc.

3.2 Unused Effects and Material Properties

A large part of the effects remain unused in recycling for a good reason – they have
limited applicability, for example, they concern a very narrow class of materials under
special conditions (like piezoelectric or electrets). Consequently, there is not much to
say about those effects that did not fall into approximately 100 that were used or tested
in recycling. The same holds for material properties that are often challenging for
continuous measurement (take stiffness, for example). However, a few effects and
material properties have drawn attention and provided ideas for their application.

The first one is the Coandă effect – adherence of a fluid jet to a convex surface it
flows along. An illustrative example of its use is the enhancement of lifting force of an
airplane by deflecting the stream exhausted from the engines by utilizing its attachment
to the upper surface of flaps pointed downwards (when being in the take-off or landing
position). At this point, it becomes apparent that deflection of stream produces cen-
trifugal action on the particles following the very same stream. There are commercial
devices based on this principle, such as Coandă screen [29] and Coandă classifier [30],
see Fig. 3. Coandă screen is a self-cleaning filter used to remove sediment from water
stream without clogging and at high throughput. This device does not seem to be used
in recycling, although it can help to recirculate the separation medium in the wet
density-based separation methods without compromising their performance. Coandă
(or elbow jet) classifier is laboratory equipment for separation of powders into fine,
medium and coarse fractions by blowing them with the air around a rounded corner.
Only the finest (and lightest) particles are able to follow the corner, while the heavier
ones exit the stream and end up in other sectors. The size of powders classified
(<200 µm) is below that typical for waste, but targeted development may result in
separators for finely granulated printed circuited boards (PCB), for example.

A rather unexpected benefit of going through the effects list was finding separation
technologies that did not appear in a targeted search. For example, supercritical fluids
possess several properties highly desired for density separation medium, namely:
liquid-like density, gas-like viscosity and compressibility, thus making adjustment of
density rather straightforward. Indeed, the search about supercritical fluids revealed one
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technology that was developed and patented back in the 1990s for separation of plastics
by density [31]. The technology has not gained popularity, but without it, the tech-
nological landscape would be incomplete. Paramagnetism is yet another term that
deserves attention as it leads to using gas for density-based separation. Oxygen pos-
sesses paramagnetic properties, which makes it possible to suspend solids in oxygen or
even air in a high-gradient magnetic field with slight pressurization (tens of bars). The
need for strong magnetic fields can be further reduced when using liquid oxygen-
nitrogen mixture (which is essentially the product of air liquefaction) as separation
medium [32]. The idea may benefit from the synergy with the other features of
cryogenics:

• cryocomminution of waste allows to crush and liberate materials from certain kinds
of waste more effectively [33];

• high-temperature superconducting magnets outperform permanent magnets and
they work at the temperature of liquid nitrogen [34];

• liquid nitrogen enables dry, eco-friendly cleaning (already used in industry [35]), so
it can be applied to the waste as well.

As cryogenic technology and superconductors are gaining widespread use, they
may finally enter the field of waste processing.

It is quite challenging to find a new material property that is both sufficient for
material discrimination and has adequate means for measurement. Still, two ideas got
support for their feasibility. The first one should distinguish between thermoplastics
with low and high softening temperatures. Among other test procedures, Vicat hardness
test is used for plastics. Vicat softening temperature measures the point when the plastic
softens enough to be penetrated by the steel test probe [36]. This test procedure could

Fig. 3. Coandă effect applications: Coandă screen (above) [29], Coandă classifier (below) [30].

Technological Landscape and Ideation in the Field of Waste Separation 333



be approximated for continuous operation on a conveyor, analogue to the way the
PaperSpike [37] mechanism separates cardboard items from paper, see Fig. 4.

Another material property that becomes attractive for discrimination between
materials is the refractive index. Advances in the theory of light reflection resulted in
computational algorithms for estimation of refractive index from several photos of an
object [39]. It is worth mentioning that one of the key drivers for research here is
photorealistic image rendering (for computer games as well). Given that the refractive
index was successfully measured by this technique for objects like tomato and apple
[40], it might help in sensor-based classification of materials in waste.

3.3 FOS: Security Scanners and Printers in Recycling

Two cases of the FOS have provided an insight into technologies that could be adapted
for sensor-based material sorting. The general problem of extracting valuable materials
from the commingled waste stream has a direct analogy to the security check for
dangerous or forbidden objects, for example, in airports. Security scanners are at the
cutting edge of technology, as they may use several kinds of radiation (X-ray, gamma
and neutron) to classify materials in opaque containers [41]. With the recent trend for
developing compact, portable, low-cost devices for threat detection (and related to that
non-destructive testing) it becomes a fruitful source of inspiration for material recog-
nition in recycling. For example, a technique that uses infrared stars of various
wavelength to see through materials may become an affordable and safe replacement
for X-ray scanners on sorting conveyors [42]. The technique is also remarkable for its
use of mathematically-proven signal amplification method, which obviously cannot be
found in physical effects databases.

Another FOS was run to address the existing gap between the ever-increasing
resolution of sensors (such as hyperspectral cameras) and the dominant ejection method
with an array of pneumatic valves, the so-called air jet blow bar. Although the nozzles
can be placed as close as 3 mm from each other, their operation may lead to co-ejection
of particles that belong to different fractions. Consequently, the waste is spread on the
conveyor belt, so that it barely covers 5–10% of its area [43]. At the same time, air jets

Fig. 4. PaperSpike pierce a piece of cardboard (left) [37], view of mechanism (right) [38].
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may divide the material flow into two, at the most three fractions, while sensors may
classify several materials at once. From the viewpoint of energy consumption, the
solution cannot be optimal either, as it is an inherent property of pneumatic circuitry to
waste about 80% of energy [35]. The general problem statement, in this case, is how to
deliver specific particles from a dense stream to the correct collection points. One of the
ultimate leader in this respect is electrophotography that is used in laser printers.
Indeed, a typical printer can deliver toner particles at the precision of several hundred
dots per inch. The technology needs modification or even a completely different
embodiment for adoption in the domain of recycling. Precisely activated electroad-
hesive devices should eventually outperform pneumatic ejectors in the waste sorting.

4 Discussion

The collected database of technologies has an advantage over paper reviews in that it is
extendable with new information and can immediately show comparative infographics
for the metrics chosen by the user (whose preferences may change over time). The tree-
like storage of the data helps to cope with different level of details provided in pub-
lications, though some valuable information (such as price) remained in unstructured
textual comments alongside with other categorical and numerical data. The developed
software, however, lacks material modelling and simulation aids. The decision analysis
is left outside and can be both algorithmic (e.g. Multi-Criteria Analysis) or merely
judgmental. For example, in the case study [13] concerning the separation of plastics
from construction and demolition waste the technologies were assessed as to which of
them sort by the most divergent properties of the target materials and can sort them
with associated impeding factors (dirt, moisture etc.). In the space of technological
foresight, the conducted analysis leaned towards Monitoring and mapping class [9], as
the study was conducted mainly through the literature search, enhanced by creativity
approaches of TRIZ for ideation [45] and wider coverage of alternatives [10].

The effects-based approach takes the understanding of technologies and processes
at another abstraction level that drives the search beyond the domain of the problem.
A set of corresponding effects can be thought as a “genetic code” of the technology,
which, in turn, allows to construct phylogenetic trees of technologies. Phylogenetic
trees (see Fig. 4) are built using dedicated algorithms from bioinformatics for com-
parison of genomes and they visualize the genetic relationship between species, as well
as the process of evolutionary development. Differences in genomes help to set borders
between species, just as they facilitate classification of technologies (Fig. 5).

The idea of technological “genes” has already appeared in [46], where the mor-
phological analysis of textual description in patents provided “chromosomes” of tech-
nologies that were fed into a genetic algorithm to get more versions of a particular
technology. The quality of a “chromosome” was set proportional to the number of
patents reflecting its structure. If a technological “genotype” (a set of genes for a
particular mechanism) was explicit enough to reflect quantitatively the actual topology
and physics of operation it could be used for the evolutionary optimization algorithm to
search for a completely new solution and test in a multiphysics simulation environment.
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Evolutionary computing has shown in some cases enough creativity to outsmart
researchers that set seemingly unsolvable problems to their algorithms [47].

A plain set of effects is a vague representation of technology, but it can be firmly
concluded that the effects databases need enhancement with similar building blocks
from information technology, the algorithms. There can be a true synergy between
sensing hardware and data processing software that will result in qualitatively new
detection capabilities, as was demonstrated in [30]. Awareness of such possibilities can
become a competitive advantage in innovation.

The FOS seems to fall off from the paradigm of the strong problem-solving ana-
lytical tools of TRIZ, like the substance-field analysis, resource analysis, inventive
principles and many more. Its application for innovation in process engineering stalled
since the 2000s [11]. However, it is a ready-to-use heuristic to make a well-guessed
jump into another industrial field and escape from a local optimum of domain-specific
technologies towards the best globally available technique.

5 Concluding Remarks

The broad scope of the conducted technological survey impeded the use of many TRIZ
tools aimed at defining inventive problems and resolving contradictions, however, even
loose and fragmentary application of TRIZ principles promotes feasible search direc-
tions. New terms that are hardly associated with the domain under investigation lead to
device concepts of considerable potential, as it was demonstrated in this work. The
success of the conducted survey and ideation can only be proven by future imple-
mentation and testing of the concepts in practice, as the quantitative evaluation was
hardly possible in such an early stage.
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Fig. 5. Example of a phylogenetic tree, adapted from [44].
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Abstract. Recently, air pollution issues such as particular matter or atmo-
spheric aerosol particles have been raised around the world, especially in China
and Korea. To cope with these environmental issues, companies are providing a
variety of air care solutions to consumers. With the addition of energy regula-
tions such as the Montreal Protocol, the Kyoto Protocol and the Paris Agree-
ment, there is a greater possibility that contradictions exist between alternatives
in addressing air pollution as well as existing energy savings. In particular, the
technology related to refrigerant is the core technology of air conditioning
equipment, and when developing a system, it is one of the important processes
to understand the relationship between refrigerant characteristics and the com-
ponents inside and outside the system. In this paper, the TRIZ is used to
establish a technology strategy by conducting a case study on GWP refrigerants
(low and high) and air conditioning equipment.

Keywords: Air-care solution � Refrigerant � Low GWP � Technology
evolution � Ideality � Resource

1 Introduction

There is a growing number of consumers who consider air quality as a means of
evaluating quality of life. Year after year, the demand for air quality is increasing. In
the past, the perception that was limited to temperature has changed to the type of
pollutant such as particular matter or atmospheric aerosol particles, and recently,
attention has been paid to the level of the pollutant. As a result, companies have
provided a variety of air care solutions to meet changing requirements.

In addition, requirements beyond countries, such as climate and environmental
regulations, are driving changes in relevant markets and technologies. Particularly, the
goal of reducing consumption and emissions for refrigerants is severely influential
throughout products using refrigerants. If the country does not have the relevant
technology or infrastructure, the country will soon lose own competitive edge in the
market. It is necessary to prepare according to the situation in each country before the
reduction targets and schedules set through the Kigali Amendment to the Montreal
protocol arrive. According to the amendment, the schedule is divided into four groups,
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starting from the non-A5 countries in Fig. 1. The countries have long been actively
involved in research and institutional maintenance of refrigerants. The countries and
schedules covered by the group are listed in Table 1.

Fig. 1. Kigali Amendment HFC Phase-down for Classification of countries (Source: Reference
[1, 2])

Table 1. Classification of parties and countries (Source: Reference [1, 2])

Classification
of Parties

Year of HFCs
Phase down Freeze

Countries

Non-A5,
earlier start

Main group (2019) 45 Countries (included EU)

Non-A5,
later start

Exceptions (2020) Belarus, the Russian Federation, Kazakhstan,
Tajikistan, Uzbekistan

Article 5
Group 1

2024 The 137 other Parties of the Montreal Protocol
(included Republic of Korea, China)

Article 5
Group 2

2028 Bahrain, India, Iran, Iraq, Kuwait, Oman, Pakistan,
Qatar, Saudi Arabia, and the United Arab Emirates

The EU has been implementing its own regulation since 2012, called the F-Gas
Regulation. Air conditioners filled with 3 kg or less of refrigerant include only
GWP750 (Global Warming Potential) since 2025. In addition, the refrigerant quota
system has been registered since 2017. In United States of America, local government-
led initiatives are being prepared, with guidelines similar to those in the EU. Japan is
making all-out preparations under the initiative of the state, while China is conducting
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reduction activities according to the agreement schedule. Australia, the Middle East,
South America and Southeast Asia are also preparing for regional cooperation [3].

Refrigerant use regulations have been an activity since the beginning of the
development of refrigerants. As shown in Table 2, it has changed in the direction of
reducing the harmful functions of refrigerants from initial refrigerants to alternative
refrigerants.

The initial refrigerant was toxic and therefore high risk for the user. CFC (Freon)
was developed in an effort to reduce the direct risks of toxicity, flammability, etc. And
it has been used for a long time until fully phase-out in 2010. Since then, Cl (Chlorine)
and F (Fluorine) components included in the CFC is known to adversely affect the
environment, such as ozone depletion and greenhouse gas generation, has been
developing a refrigerant in a direction to reduce this effect. Refrigerant-based systems
have also been developed accordingly. Recently, the GWP has focused on finding a
low (<750) or extreme low (<150) state.

Applicable alternative refrigerants appear in a pattern similar to the S-curve type in
Fig. 2. Recently, HFO and HC refrigerants, which are emerging as alternatives, have
excellent environmental performance, but there is a possibility that the risk is increased
due to lower performance or flammability compared to existing refrigerants. Therefore,
additional verification is needed to apply alternative refrigerants, and many companies
are spurring related developments.

In order to maintain the performance of existing systems using alternative refrig-
erants, the costs of changing the system or investing in equipment must be considered.
However, this is not an ideal solution from the idealistic view of TRIZ. Ideality, a key
concept of TRIZ, can help you set goals so you can find the fundamental solutions to
problems. In this paper, we will examine the direction of establishing technical solu-
tions for related systems including refrigerants using TRIZ method. Through this, it
was intended to be used in technology development strategy that secured sustainability.

Table 2. Trend of refrigerant characteristics (Source: Reference [4, 5])

Generation Refrigerant Toxicitya Flammabilityb ODPc GWPd

1st Infant Ammonia (R717, NH3) B 2 0 0
2nd Freon Era CFC (R12) Chlorofluorocarbons A 1 1 10900

HCFC (R22)
Hydrochlorofluorocarbons

A 1 0.055 1810

3rd Ozone
protection

HFC (R134a)
Hydrofluorocarbons

A 1 0 1430

4th Global
Warming

HFO (1234yf) Hydrofluoroolefin A 2L 0 <1

a Toxicity: A (Lower: no identified toxicity at concentrations � 400 ppm), B (Higher)
b Flammability: 1(no flame propagation), 2L(Lower: max burning velocity <10 cm/s), 2L
(Lower), 3(Higher)
c ODP: Ozone Depletion Potential, UNEP (2006). R11 = 1
d GWP: Global Warming Potential (100 year), IPCC 4th Assessment Report, (2007). CO2 = 1,
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2 Operating Time/Zone with Refrigerant Usage

In each country, we have established and implemented a policy to reduce the amount of
used refrigerant and reduce the emission of existing refrigerants. Considering the
lifetime cycle in which refrigerant is used, it is desirable to find the constraints and
respond accordingly when a problem may occur.

In the case of existing refrigerants, six major greenhouse gases, CO2, CH4, N2O,
SF6, PFCs, and HFCs, may be generated during the production or decomposition of the
refrigerant, including Cl and F, which are ozone depleting substances.

From the standpoint of developing a product, there are three things about operating
time of product. You can think about (1) products that have been on the market from
the past to the present, (2) products that are in production, and (3) products that are
under development or are in development. At each stage, specific measures are needed
to reduce the use or reduce the emissions.

First, let’s look at the emissions, that is, when the refrigerant is released into the air
in Fig. 3.

From the point of view of a user using a product on the market, the product is
purchased, installed, used, maintained, replaced or disposed of. The resolution direction
may differ for each point of use. At the installation stage, a pipe joint structure without
refrigerant leakage can be considered. Some products are used all year round, but some
users use only one summer season. In this case, the refrigerant may be replaced during
maintenance. It is important to consider whether there is a way to make it easier to
replace the refrigerant or to prevent leakage. It is also necessary to consider how to
reduce the period by checking the maintenance cycle. When disposing of the

Fig. 2. S-curve of Refrigerant for air-conditioning system

Fig. 3. Emission of refrigerant during air-conditioning system lifecycle
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refrigerant or disposing of the product, it is necessary to check whether it can be
recovered. In the case of waste water purifiers, some studies show that the remaining
amount of refrigerant in the system is 40% [6].

After refrigerant was injected to the product, the refrigerant discharged to the
atmosphere cannot be recovered. At the end of the product’s lifecycle, recovery and
treatment technologies are needed. Refrigerant may be released even when water is
collected inside or mixed in the recovered refrigerant. Since the refrigerant is difficult to
decompose, incineration may be performed using steam plasma. In this process, by-
products such as CO2, CO, and NOX, which are other global warming materials, are
generated, and the generated CF4 is difficult to remove even by incineration. Therefore,
it is necessary to secure a technology that suppresses the by-product generation itself
and lowers power consumption. CF4 is GWP 7390 and C2F6 is GWP 12200, which has
50,000 years and 10,000 years of atmospheric lifetime of refrigerant, respectively,
causing secondary problems due to refrigerant disposal.

It can also be seen in terms of the space in which the refrigerant is present. It is
possible to think of ways to prevent the leakage of indirect leakage between the
coupling parts due to the two-phase refrigerant state connecting the pipelines through
which the refrigerant flows. The atmospheric lifetime of the leaked refrigerant means
the point at which the refrigerant components in the atmosphere naturally disappear.
Therefore, it is conceivable to collect the refrigerant around the product before the
refrigerant is discharged and after the discharge. In the case of flammable refrigerants, it
is possible to consider how to spread rapidly in the space of use, so as not to form a
cloud around the product. After being released into the atmosphere, one method may be
to separate refrigerant gas from the earth’s surface and the troposphere and between the
troposphere and the stratosphere, using materials that react easily to the atmosphere.

3 Define Engineering System and Ideal System

It defines engineering system from the functional point of view and defines the fun-
damental reasons why the engineering system performs its functions. When the main
function of the refrigerant is defined as absorbing or releasing heat, the refrigerant may
also be defined as transferring heat from a heat source.

(1) Engineering System: Refrigerant (in Air-conditioning system)
(2) Main Function: Absorb Heat, Release Heat.

The ideal system for the above engineering system can be defined as a system that
does not have refrigerant but absorbs or releases heat. Considering this ideal system,
one can think break to psychological inertia. Making a refrigerant is not the desired
result. What is your ideal goal? What is the desired result?

There is no refrigerant, but you need to think about whether absorbing heat is your
ideal goal. We need to ask why absorbs the heat. For example, it can be considered to
lower the temperature of the room or to maintain the temperature of the food. If your
goal is to absorb heat constantly, you can think of ways to take advantage of other
effects. The thermoelectric module using the Peltier effect is representative.
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4 Ideality of Refrigerant

The definition of the equation of ideality that is commonly used by many people [7] is:

Ideality ¼ All Useful effects
All Harmful effects

ð1Þ

Among the methods of achieving the ideality of a technical system, defining an
ideal component is one of the methods for achieving the ideal component while
maintaining the whole system without change. This can be used to derive the ideality of
the refrigerant [8]. Since the refrigerant exists as a component of the engineering
system, such a air-conditioning system, if the ideal of the refrigerant is improved, the
entire technical system can be closer to ideal system. Expressing the ideal of the
refrigerant by the definition of the above equation is as follows.

Ideality of Refrigerant

¼ Useful Function Heat transfer efficiencyþ . . .½ �
Harmful Function Environmental impactþ Safetyþ . . .½ � � Cost productionþ disposalþ . . .½ �

ð2Þ

– Safety: Toxicity, Flammability, stable, treatment, lubricant, etc.
– Environmental impact: Ozone Deplete Potential, Global Warming Potential,

decomposition product.

By using the ideality equation of the defined refrigerant, we can compare the
ideality when using the existing refrigerant and the alternative refrigerant.

(1) If using existing refrigerant, If use base refrigerant (ex. R410A)

Ideality of Refrigerant ¼ UF constantð Þ
HFðtoxicityþ nonflammableþGWPð[ 750ÞÞ � constant cost

ð3Þ

(2) When using an alternative refrigerant, Alternative refrigerant (ex. HFC R32)

Ideality of Refrigerant ¼ UF constantð Þ
HFðtaxicityþ lower flammableþGWPð\750ÞÞ � higher cost

ð4Þ

Refrigerant (R32 or R1234yf), which is considered as a strong alternative refrig-
erant, satisfies the existing thermodynamic characteristics and satisfies low
GWP. However, it is flammable, which adds additional considerations in terms of user
risk. Therefore, from an ideal point of view, the use of alternative refrigerants with low
GWP is positive for the environment, and thus the Harmful function is reduced. Since
additional costs for risk management, which were not present in existing systems, must
be taken into account, it is necessary to prioritize in the short term and find the ideal
refrigerant.
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5 Multi-screen Thinking Approach for Refrigerant and Its
Applicable System

In order to derive realistic goals from ideal system, it is necessary to examine the trends
of related technologies and their surroundings. Use multi-screen thinking (MST), to
identify applicable levels or resources to prepare in advance. Gather information to
define how and where the engineering system absorbs or releases heat. The amount of
heat absorption needed to keep a few bottles of beverage at the desired temperature is
totally different from the amount of heat absorption required to maintain the temper-
ature of a subway with dozens of people. These resources can then be used to step-by-
step through the objectives of approaching ideality.

Resources can be found such as the time needed to maintain the temperature of the
air during the day, the heat absorbed and emitted through the building’s windows, the
air density inside the building, the number of offices, and the size of the showcase. You
can also find ways to reduce the cooling capacity load of an air-conditioning system
inside a building by changing the size or number of windows in the building. There is
also a case study to reduce the temperature inside the building by developing a polymer
material that utilizes infrared heat radiation to absorb heat and reflects sunlight [9].

Information on climate change and seasons, such as temperature and humidity, in
areas where the product is used, is also useful. In the Middle East, the sandy envi-
ronment and temperature difference affect the operation characteristics of the com-
pressor, which must consider both the oil and the refrigerant inside the compressor.

The stereotype of having to look for another refrigerant is an administrative con-
tradiction because it cannot be used. The requirements need to be thoroughly reviewed,
and whether the problem should be solved or not disappeared. If you look for the
resources around you using multi-screen thinking, you can find where the refrigerant is
used unnecessarily, or solve it by reusing the discarded refrigerant.

Therefore, the ideality of the air conditioning or refrigeration system, which is the
supper-system, should be increased. Also, Technical development of refrigerant
recovery and recycling systems should be carried out at the same time of maintenance or
disposal. In addition, it is necessary to develop a technology for improving the com-
patibility with the compressor, heat exchanger, lubricant oil, etc., which are directly
affected by the refrigerant. It is also necessary to review the compressor oil in anticipation
of chemical changes with the refrigerant. It is also a way to reduce the CO2 increase by
minimizing the deterioration of efficiency due to the change in cooling capacity.

The ideality of the compressor, as the super-system of refrigerants, can be increased
to improve the ideality of the whole system using refrigerants. For example, consider
how to improve the insufficient function that can occur in a compressor. Low GWP
(GWP 750 and below), which is currently considered as an alternative refrigerant, has a
lower molecular weight compared to previous refrigerants, resulting in low suction
density at the same compression volume [10]. Therefore, the lubrication is getting
worse between the cylinders for compressing the refrigerant, the leakage may increase.
If this is expressed as Su-field model, in Fig. 4. If solved using a 76-standard solution,
an external environmental Su-field model that uses oil in the environment can be used.
Consider increasing the oil supplied to the compression chamber.
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6 Evolution of Materials (Refrigerant Composition)

It is possible to predict the core technology as a point of the evolutionary trend of the
materials constituting the refrigerant. One of the evolutionary trends in technological
engineering systems is the law of transition to higher-level systems [11]. This trend can
be found in more detail in the materials and materials of technical systems. Most
technical systems are made of the homogeneous material. This means they are used in
combination with other materials or materials with opposite properties in order to
perform better functions. It can be arranged as follows in Fig. 5.

In the case of ammonia, which is an early refrigerant, it is consisted of a single
composition of molecular units, NH3. The first CFC(R-11 or Freon), is also consisted
of a single composition, CCl3F. After phase-out the use of CFCs, HCFC or HFC
refrigerants were developed and started to be used as single refrigerants. After that, two
or three of composition were mixed with refrigerants having similar molecular com-
position (H, F, C). For example, in case of R-410 used in air conditioner, R-32 (CH2F2)
and R-125 (CHF2CF3) are used in a mixture of 50:50. For R404A, a refrigerant used in
a air-conditioner, is a refrigerant mixed with three refrigerants. Furthermore, it is
possible to replace the existing refrigerant by developing a mixture of refrigerant
groups having different molecular composition such as R448A [12]. According to this
evolutionary trend, strategies for developing refrigerants that are suitable for product
cooling capacity can be devised by diversifying the types of refrigerants mixed or
optimizing the mixing ratio. In addition, depending on the ratio of refrigerants, it is
change the cooling capacity (performance). So, conformity checks may be required

Fig. 4. Su-field Model of refrigerant gas and lubricant oil

Fig. 5. Evolution of Refrigerant composition
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between refrigerant and the product components (compressor oil, heat exchanger area,
etc.) depending on the product’s operating conditions. Considering the refrigerant
usage scenario, it is also necessary to review the performance due to refrigerant filling,
replacement or leakage from the equipment.

A list of Ideal status and technical strategy for refrigerant is below in Table 3.
Considering the difference current with the target system, the actual technical approach
direction was arranged by changing the target level through the step-back as shown in
the table below.

7 Conclusion

In this study, in order to prepare a diversified solution to the tightening of refrigerant
regulation, the technical approach to air-care solutions was derived using TRIZ. Instead
of finding a solution in a situation where only requirements are given, an ideal system
was defined in consideration of the internal and external components of the technical
system from the TRIZ perspective. While the beneficial function of the thermodynamic
performance is maintained, the direction in which the ideality of the refrigerant can be
increased in the direction of eliminating the environmentally harmful function is
examined. By multi-screen thinking approach, we examined not only the change trend
of refrigerants but also the trends of the super-systems and sub-systems. Finally, the
specific goal was found through step-back from the ideal system.

This study attempted to examine various alternatives beyond the solution focused
on refrigerant development. Applying concepts of improving the ideality of compo-
nents including refrigerant, the technical strategy was derived to improve the ideal of
the whole system called Air-Care Solution. The results of this study can be used to
construct roadmaps for future technologies in advanced and to prepare fundamental
solutions.

Table 3. Ideal status and technical strategy for refrigerant

Ideal status of refrigerant Technical strategy goal

Ideal System Refrigerant Free System Improvement thermal capacity by
thermoelectric effect (ex. Peltier effect)

Step Back 1 Using zero GWP, no concerned
emission

Eco-friendly reusable nature

Step Back 2 Reuse or recycle whole refrigerant Improvement of recycle equipment
Step Back 3 Allowed lower emission verified

safety
Safety Risk assessment for flammable,
high pressure refrigerant

Step Back 4 Only Using Low GWP Refrigerant
using without System Change

Reduce refrigerant emission
management and development devices

Step Back 5 Mixed Higher and Lower GWP
Refrigerant with small system change

Find Specific Refrigerant for each
application

Current Gradually change usage rate of
High GWP versus Low GWP
refrigerant

Development of specific component
for each application
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Abstract. Green design is a relevant research topic because of the need of
powerful and confirmed systematic methods that can support companies in their
efforts to develop green products within acceptable time and costs.
TRIZ, as a theory of invention problem-solving has proven its effectiveness in

stimulating designer’s creativity in several areas. Therefore, the main research
question we address in this research is the following: how can TRIZ tools
enhance the ideality of green-design methods?
This paper presents an exploratory analysis of this question. First, our

methodology aims to study the weakness of an open Eco-design method known
as ECOFAIRE using a general problem solving methods characterization. Then,
it attempts to enhance the ideality of ECOFAIRE through a reverse engineering
process that has been applied to an eco-product known as Ecodistrib. As a result,
ECOFAIRE’s ideality improvement assumptions with TRIZ tools are derived.
The conclusion presents some perspectives to validate these assumptions and
move towards a systematic approach for Ecodesign based on ECOFAIRE.

1 Introduction

Fast industrial growth and technological advances have recently raised many envi-
ronmental concerns. As a result, industrial companies are expected to become more
environmentally responsible and reduce their negative environmental impact by
applying new technologies and especially by delivering eco-friendly products. Addi-
tionally, environmental regulations developed recently by the European Union called
energy using product have motivated engineers and designers to more heavily focus on
how to create more environmentally friendly products.

Several methods exist for eco-design, to assess and improve environmental impacts
[1]. The International Organization for Standardization ISO issued numerous norms,
guidelines, and tools. For example, the ISO14040:2006 describes the principles and
framework for life cycle assessment (LCA), ISO14044:2006 provides LCA guidelines,
and ISO14006:2011 provides guidelines to implement Eco-Design as part of an
environmental management system (EMS) within companies. A number of methods
and tools have been developed to support the process of eco-innovation in the last two
decades. To the best-known methods belong Eco-Compass, Life Cycle Design Strategy
(LiDS Wheel), Sustainability Circle, EcoDesign PILOT, Eco-Ideation Tool, Value
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Mapping Tool, Design for Environment (DfE) and Quality Function Deployment for
Environment (QFDE), EcoASIT, Eco-ideation stimulation meso-mechanisms ESMs,
Green Engineering with 12 Principles of Green Engineering, and other methods, pre-
sented in a comparative study of strategy and ideation-oriented eco-innovation tools
[2]. In the field of process engineering should be mentioned in first place Green Process
Engineering and Process Intensification (PI), Process Design for Sustainability (PDfS),
and other approaches.

However, green design remains a relevant research topic because of the lack of
powerful and confirmed systematic methods that can support companies in their efforts
to develop green products within acceptable time and costs.

To overcome this lack, several works have addressed this issue. We focus in this
paper on the ones that deal with TRIZ (a Russian acronym of ‘‘Theory of Inventive
Problem Solving’’). TRIZ, as a theory for inventive problem resolution has proven its
effectiveness in stimulating designer’s creativity in several areas. In green design,
several TRIZ utilization attempts exist. The references [1–3] have largely addressed
this issue.

With regard to eco-innovation, the authors in [1] defines primary and secondary
eco-engineering contradictions and conceptualizes a correlation matrix between the
eco-requirements for prediction of typical eco-contradictions in the field of processes
involving solids handling. The implementation of eco-friendly solutions often causes
secondary problems, and the application of the TRIZ-based approaches helps to
identify these secondary problems, to predict and creatively solve eco-contradictions in
advance, without efficiency losses. Additionally, a set of 20 TRIZ inventive principles
most frequently used in environmental innovation was extracted from an analysis of a
large number of patent and a process intensification technologies. The paper [2] focuses
on the comparison of the ideation mechanisms during the eco-ideation phase, to help
users generate relevant ideas with a strong potential of environmental impact reduction.
In addition to that, some case studies are performed to compare the adapted creativity
tool for eco-innovation, regarding its performance.

This research also validated the need to place greater emphasis on the ideation
phase in the process of eco-innovation. Indeed, environmental knowledge, ideation
mechanisms and the structuring of the session are interdependent factors to consider in
order to optimize the eco-ideation session and to be closer to the industrial reality. The
paper [3] presents a systemic literature review of TRIZ use in eco-design. Indeed, the
paper provides information about what is currently performed in connection to cre-
ativity methods, when TRIZ is combined with LCA, LCE Eco-efficiency and other
integrated methods for eco-design process.

Despite of all of the existing scientific contribution of TRIZ in eco-innovation
summarized above, the literature doesn’t show the existence of a powerful and sys-
tematic approach to green design. Therefore, the main research question we address is
the following: “How can TRIZ tools enhance the ideality of green-design methods?”.

To deal with this question, the paper aims to present a first exploratory analysis of
the contribution of TRIZ tools to green design methods systematization based on a case
study. In fact, the main goal of this study is to analyze ECOFAIRE in order to improve
its ideality through TRIZ tools utilization. ECOFAIRE is a method proposed by the
Ecodesign groups of the ECOFAIRE program. It has been proposed as a guide to
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promote and facilitate the integration of eco-design in small and medium-sized busi-
nesses in any sector of activity [4].

Our methodology is to study a green designed product known as Ecodistrib and to
define how ECOFAIRE could have been used by anticipation in the ecological design
process using TRIZ tools in the phases suffering from methodological lack. As a result,
this study will lead to a first formulation of “TRIZ-ECOFAIRE”, a systematic approach
to ecological products design based on ECOFAIRE and TRIZ Tools.

The remainder of this paper is organized as follows. Section 2 introduces the
background, including the TRIZ originality for problem solving, TRIZ in eco-design,
Problem solving Methods characterization, and the ECOFAIRE method characteriza-
tion. Section 3 presents a reverse engineering process applied to an eco-product known
as Ecodistrib in order to enhance the ideality of ECOFAIRE. Section 4 presents the
different hypotheses of the first formulation of Triz-ECOFAIRE methodology. A con-
clusion and perspectives are provided in Sect. 5

2 Background

2.1 TRIZ Originality for Problem Resolution

TRIZ (Theory of Inventive Problem Solving), developed by Genrich Altshuller, is a
problem-solving, analysis and forecasting theory derived from the study of patterns of
invention in the patent literature. TRIZ was developed to assist engineers to system-
atically solve product design problems and develop next-generation technologies and
products with less risk. TRIZ is an organized theory for problem solving, which can be
applied for eco-design. Altshuller stated that TRIZ can be aimed for minimizing energy
requirements, as well as complexity of engineering products.

There are some key concepts which make TRIZ very valuable for innovative
design:

– Ideality, describes the technical system development direction. The ideal final result
(IFR) of eco-products is to perform desired functions without any environmental
impacts. Therefore, looking at eco-innovative design problems of products from an
ideal final result perspective is usually a very good first step towards success.

– Resources, are all the means used in a system or its environment, to improve its
overall performance. Identifying and using resources in a TRIZ approach can bring
new ideas and effectively solve the problem, so as to get closer to the final ideal
result.

– Contradiction, helps to eliminate the contradiction and avoid the conventional
tradeoffs. Their exist two levels of formulation of the contradiction: the contra-
diction known as the “technical contradiction” (TC), which expresses the opposition
between two evaluation parameters (EP) of a system, and the “physical contra-
diction” (PC) that defines two states for the system’s action parameter (AP), sat-
isfying each of its conflicting objectives.

– Laws of evolution of technical systems, provides a means to reveal how systems
evolve, predict the directions of evolve, and ultimately control the evolution.
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In addition, The TRIZ theory includes methods for problem analysis and idea
generation. These methods and tools can be classified according to three different
categories:

– Tools for overcoming psychological inertia. The objective of these tools is to
overcome the rigidity in the way of thought, and confinement of creativity in a
certain pattern of thinking. Several tools for releasing psychological inertia are
available in TRIZ, we can mention among them: (1) the nine-screen method (multi-
screen vision), (2) Dimension-Time-Cost operators, and (3) smart little men
method.

– Tools for solving technical and physical contradictions. Several methods and tools
were created by Genrich Altshuller to solve the different types of contradictions,
and to guide the designer towards generic solutions, as (1) the Matrix of solving
technical contradictions, (2) the 40 inventive principles to solve technical contra-
dictions, and (3) the 11 separation principles to solve physical contradictions.

– Standard solutions for solving system problems without the need of identifying
contradictions. They are usually applied to correct the undesired interaction between
two parts of a system.

2.2 TRIZ in Eco-Design

In the existing literature, a significant number of methods and proposals of integrating
TRIZ with eco-design methods are proposed. As stated in the previous section, TRIZ is
an organized method for problem solving, which is considered as supporting ideation
and creativity component of eco-innovation and eco-design. TRIZ can be also used for
minimizing energy requirements, as well as complexity of engineering environmentally
friendly products [5, 6]. To comply with this purpose, several works are proposed in
scientific literature dealing with the combination or the integration of TRIZ with other
eco-design techniques, such as life Cycle Assessment (LCA), QFD (Quality Function
Deployment) and CBR (Case Based Reasoning) to help designers achieve easily
environmental design objectives. For example, in [7], an approach based on the inte-
gration of LCA, and eco-design guidelines converge in an integrated design for
environment methodology. Rather new models have been developed to integrate the
TRIZ theory and existing eco-design tools, with the aim of facilitating eco innovative
product design. In [8], the author mentions an experiment within eco-design, and
proposed a design methodology to support environmentally consciousness design of
products by the integration of LCA, QFD, and TRIZ. The above- mentioned ideas are
further developed in [9], which suggests the combination of QFD and TRIZ for an
improved product life cycle management that supports knowledge codification and
reuse. Another methodology is also presented in [10], that integrates the CBR and
TRIZ methods is proposed. CBR can obtain the desired functional characteristics of a
new design in an efficient way, and the TRIZ method ensures that designers can easily
achieve design objectives due to the techniques provided by different technology fields.
In [11], the authors elaborated an evolution of this approach and suggested integrating
the TRIZ and CRB methods with Simplified LCA(s). In [12] the authors proposed an
approach based on the integration of LCA and TRIZ eco guidelines, with the aim of
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supporting the implementation of the eco-design approach in small and medium
European enterprises. The application of TRIZ eco guidelines help to develop alter-
natives or modifications to a given system to reduce its environmental impact. Finally,
the last example of this application of TRIZ can be found in [13], where the authors
developed an ARIZ based on the Life cycle engineering (LCE) model, to implement
the eco-designs of products.

In addition to the synergetic application of TRIZ with eco-design tools, the sci-
entific literature provides also papers that proposed an adaptation of TRIZ methods or
tools to eco-design domain. For example, in [14] the authors formulated and linked the
seven eco-friendly elements developed by the World Business Council for Sustainable
Development (WBCSD) for green product design to the inventive principles to con-
struct a new table for inventive principles. In [10, 11], two different methods for green
product design are proposed. The first is based on the application of inventive prin-
ciples with laws of evolution and the principle of Ideality to help designers focus on
concepts that minimize energy requirements and the complexity of engineering prod-
ucts. The second one is based on the laws of evolution of TRIZ to develop innovative
approaches to solve design problems. In a similar manner, [15] propose a step by step
procedure based on the application of the Laws of evolution, substance field resources,
ideality and the technical contradictions, to solve problems related to green product
design. Another example which establishes the link between eco-efficiency and laws of
evolution is presented in [16], where the authors present an innovative methodology to
help designers to predict technological evolutions for more environmentally friendly
products, by identifying the relationship between the strategies of the Eco-Design
Strategy Wheel and the TRIZ evolution trends.

2.3 Problem Solving Methods Characterization

There are several standard techniques to search for a solution: non-systematic research
techniques known as «Brainstorming»; Systematic research techniques also called
“Systematic trials and errors” and systematic analysis of the problematic situation.
Unlike the first two techniques, finding solutions in “Systematic analysis of the
problematic situation” techniques are based on search space reducing. In this approach,
the question that arises globally is “WHY does the problem exist?” and we try to
develop or converge towards the solution by reducing the search space by answering
this question. The model type of these techniques involves the following steps:

1. “Recognize the problem”: consists of understanding the problem, knowing exactly
where the problem lies, or measuring the problem, etc.

2. “Analyze the problem”: tries to answer various questions to understand why the
problem exists, what are the causes of the problem, what are the parameters and the
factors that influence the problem, what is the desired result to eliminate the
problem, etc.

3. “Synthesize Solution Concepts”: formulates solution ideas called also conceptual
solutions (to clearly distinguish from technical solutions).
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4. “Concretize the solutions” seeks to transform the idea of solution or the conceptual
solution into a concrete and applicable technical solution to solve the problem posed
in the first step.

5. Logically the last step seeks to “evaluate the technical solutions” developed.

In general, each solution research method can be characterized by comparison of its
flow logic with the model-type steps presented previously.

Indeed, the use of the Table 1 makes it possible to identify, for the considered
method, the steps which correspond to the “recognition of the problem”, “the analysis
of the problem”, “the identification of the conceptual solution”, “the implementation of
the solution” on the technical or application level as well as the evaluation of the
solution. The tools used in each step are also identified. Also, by analyzing the tools
used in each step of the considered method, we can deduce its nature and decide
whether it is Unstructured, Semi Structured or Structured.

An unstructured step is performed randomly. His success depends heavily on
analyst skill and know-how. The result obtained is uncertain and subjective.

A step described as semi structured one relies on reasoning and a precise logic to
converge towards the desired result. It has a kind of roadmap to follow. However, the
phases of this reasoning logic taken in isolation are unstructured. They do not operate
the logic of reducing search space.

Conversely, a step described as Structured relies on a reasoning and a precise logic
that makes it possible to converge towards the desired result in an algorithmic way. The
reasoning could be based on a knowledge base, a set of good practices or any other
type of expert systems. The result thus depends on the quality of the available
knowledge and not only the analyst’s know-how.

To conclude, if we analyze the nature of the steps of any problem solving method,
we can deduce the standard technique to which it belongs and its capacity to provide
original and quality solutions. Thus, a problem-solving method that has all the steps of
the model-type (whether these steps are structured or not) is a “Systematic analysis of
the problematic situation” method. A method that does not have the “Analyze the
problem” step is either “non-systematic” method (brainstorming), or “systematic”
(Trials and Errors) one. It depends on how the “Synthesize Solution Concepts” step
unfolds. A method that has “unstructured” steps is of lower quality, it can be improved.
The ideal method has all its stages structured. Thus, each method can evolve towards
its ideality by improving the quality of its stages.

2.4 The ECOFAIRE Methodology

ECOFAIRE Presentation. The French ECOFAIRE program was organized and
conducted by SEM Pays de Loire in collaboration with the environmental consulting
firm EVEA between 2006 and 2008 [4]. This program aims to “promote and facilitate
the development of environmentally friendly products”. A collaborative study was
conducted with companies, industrial designers and engineers. The methodological tool
ECOFAIRE is part of this research work. It is composed of two introductory sheets
followed by 18 others, to be used in five chronological stages: “Scope and stakes”,
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“Initial environmental assessment”, “Solution search”, “Evaluation of solutions”,
“Results and communication”. Non-expert users are targeted here, whether they belong
to industry or academia. On this paper, 9 analysis approaches are used. The E1 (3.1)
approach proposes an analysis allowing a reference product to be assessed on six
aspects combining life cycle thinking specially and environmental impacts to get a
better review about it [2]. Concerning the E2 (3.1), this approach takes stock of the
different phases raised during cycle E1 in a way to detect the environmental issues
related to each stage with its risk of impact which depends of the stage and its stakes.
E7/E8 approach (3.1) aims to identify and prioritize the aspects and impacts of each
level of the end-of-life cycle of a reference product according to a ranking and moti-
vations. About the ES1/ES2/ES3 (3.5), they allow to establish a comparison of solu-
tions according to environmental indicators between a product and a reference product
to get a view of the environmental consequences using ES2 wich is a DSI (Decision
Support Instrument) while the ES2 is a visualization medium. R1 and R2 (3.3), allows
to search for solutions by establishing an idea about different design choices that we
can make by each level as well as the source of the solution. The operation of “Solution
search” relies on “Synthesizing solution concepts” by the Eco design wheel (R1) and
the checklist (R2).

ECOFAIRE Characterization. If we analyze the ECOFAIRE method, we notice
that:

1. “Environmental Assessment of Product Reference” coincides well with the step
“recognize the problem” using “R1, R2, E7/8” forms.

2. “Solution search” is consistent with “Synthesizing solution concepts” using the Eco
design wheel (R1) and the checklist (R2).

3. “Evaluate the technical solution” coincides well with the step “recognize the
problem” using the “ES1, ES2, ES3” forms

4. The steps “Analyze the problem” and “Realize the solutions” of the model-type are
not covered by ECOFORM.

If we analyze the nature of the steps covered by the ECOFAIRE method, we notice
that they are semi-structured because the analyst has a roadmap consisting of a mul-
titude of forms and tools that guide him to identify solutions. But the answer provided
in each form is subjective and strongly depends on the analyst’s know-how.

The analysis of the Table 1 shows that the ECOFAIRE Model belongs to “Sys-
tematic Analysis of the Problematic Situation” techniques. The fact that some of its
stages are not covered and that those covered are semi-structured, ECOFAIRE is not a
complete method for Eco design problem solving that can insure original quality
solutions (Table 1).
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3 Towards Triz-EcoFaire: A Case Study: «Ecodistrib»

Ecodistrib is a distributor of different types of liquid detergents installed in super-
markets to replace the act of purchasing cans of disposable detergents. This case is
available on the following link: https://www.eco-conception.fr/exemples/h/eco2distrib-
ecodistributeur.html.

Table 1. Characterization of ECOFAIRE method

Model-Type
steps

Recognize the
problem

Analyze
the
problem

Synthesize
Solution
Concepts

Concretize
the
solutions

Evaluate the technical
solutions

Ecofaire
steps

Environmental
Assessment of the
RP

None Search for
solutions

None Evaluation of the
envisaged solutions

Ecofaire
tools

CE4: environmental
expectations and
requirements of the
different actors
E1: Life cycle
description in first
approach of the
reference product
E2: Environmental
issues as a first step
E7/E8: Identification
and characterization
of environmental
aspects

No tool
available

R1: Eco-design
wheel
R2: Check list

No tools ES1: comparison of
solutions according to
environmental indicators
ES2: decision support
ES3: visualization of the
environmental
consequences of design
choices

Nature Semi structured – Semi structured – Semi structured

Fig. 1. Ecodistrib
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3.1 Recognize the Problem

This step consists of rolling out the CE4, E1, E2 and E7/E8 forms for the reference
product: Detergent bottle (Fig. 2, 3, Tables 2, 3 and 4).

Table 2. Expectations and environmental requirements (CE4)

Chain of actors Expectations and environmental requirements

Specify whether explicit or implicit (=not
formulated, or assumed)

Suppliers
Transport and logistics subcontractors Less packaging to ship
Top management of the company Cost reduction
Departments of the company (marketing,
BE, employees, …)

Manufacturing: less packaging, gain energy

Clients, Specifiers, Other intermediaries Super and hypermarkets: brand image, show
implication in DD

End users Eco-friendly products

Fig. 2. Life cycle analysis of the reference product (E1)
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Fig. 3. 9 Screens tool

Table 4. Identification and prioritization of aspects and impacts (E7/E8)

Aspects or
impacts

Life cycle steps
involved

Ranking
Very
important
Important
Secondary

Ranking motivations

A Non-renewable
resources

Raw materiel Very
important

Extraction raw material for
packaging

B Energy
consumption

Production Very
important

Manufacturing packaging

C Non-renewable
resources

Packaging Very
important

Packing volume/liquid
quantity

D Pollution Logistics Very
important

Transmission Distance of
Cans

E Non-renewable
resources

End of life Very
important

Act of throwing

F
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3.2 Analyze the Problem

ECOFAIRE doesn’t present any tool for problematic analysis situation. We propose to
use for this issue the TRIZ contradiction system. Thus, the main contradiction resolved
by Ecodistrib is the following:

Table 3. Environmental issues (E2)
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3.3 Synthesize Solution Concepts

The search for solutions by ECOFAIRE’s tools R1 and R2, allows drawing up the
following table. This table presents the different design choices considered in Eco-
Distrib by stage of the life cycle as well as the source of the solution (Table 5).

Two remarks emerge from the use of these two tools:

• The difficulty of using the R1 eco-design wheel. Indeed, this wheel doesn’t give a
procedure to choose the relevant principles. On the other hand, the list of solutions
seems incomplete for the EcoDistrib case.

• The R2 checklist details the choices listed in R1. Its use is also difficult and does not
aspire to trust, …

The search for solutions by the traditional tools of the TRIZ doesn’t seem to find
the choices made in the case EcoDistrib. Indeed, the solution adopted to solve the

Fig. 4. The system of contradictions of EcoDistrib

Table 5. Source of choices made in EcoDistrib

Design Choice Production Packaging logistics End use End of life

Demountable None R1:
Lifespan/Adapted/Evolution/Modular

Unplanned
obsolescence

R1: lifetime/long since the start

Close production
place

R1: transport/Proximity

Reusable packaging

Close place of
distribution

R1: transport/Proximity

Distribution system R1: consumption/standby mode

Recoverable material R1: Valorization/incineration/energy
recovery

Local raw material
source

R1: transport/Proximity

Sealing –

Energy source R1: Consumption/Energy/saved
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technical contradiction is to replace the act of buying the liquid in a disposable
packaging by the act of buying the liquid in a reusable packaging through a distributor
to resolve the contradiction presented in the Fig. 4.

The two parameters of the technical contradiction do not correspond to any
parameter of the classical TRIZ matrix. This seems unsuitable for use in the field of
eco-design. The analysis of the solution adopted in the case of EcoDistrib shows that
none of the 40 principles invented, nor principles of separation could be exploited to
achieve it.

3.4 Concretize the Solutions

According to a technical point of view, the purchase of the liquid is done by filling
from a distributor. This solution could not have been generated by the use of traditional
TRIZ tools such as effect pointers.

3.5 Evaluate the Technical Solutions

The comparison between Ecodistrib and the reference product “Can” as well as the
visualization of the environmental consequences of Ecodistrib are presented in forms
ES1, ES2 and ES3 of ECOFAIRE (Tables 6, 7 and 8).

Table 6. Comparison of solutions according to environmental indicators (ES1)

Reference product Can Proposition 1 Ecodistrib

Indicator 1
Name: Waste Volume

Important Low

Indicator 2
Name: Energy consumption

Important Low

Indicator 3
Name: Pollution

Important Low

Table 7. Decision support (++very important; +important; - week; – very week) (ES2)

Solutions Interests
Customers/Users

Costs interest and
Feasibility

Environment
interests

Reference Product:
Can
Proposition 1
Description:
Ecodistrib

++ ++ ++
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The use of EcoForm forms also leads to several remarks:

– It is necessary to conduct LCA (life cycle analysis) to arrive to quantified indicators
for the ES1 form

– The evaluation of different interests in ES2 is qualitative
– Overall, despite their sufficiency to evaluate and compare eco-design solutions,

ECOFAIRE documents are not structured because their uses depend on the ana-
lyst’s competence.

Table 8. Visualization of the environmental consequences of design choices (ES3)

Conception
choice

Production Packaging
Logistics

Use End of
life

Consequences for
the environment

Disassembly No final
assembly
(welds)

Repairable
and
evolutionary

Raw material
economy, life
extension

Unplanned
obsolescence

Repairable
and
evolutionary

raw material
economy, life
extension

Close
production
area

Less
transport

Energy saving,
pollution

Reusable
packaging

Raw material
economy

Close
production
area

Less
transport

Energy saving,
pollution

Distribution
system

Quantity
bought at
most fair

Raw material
saving

Recoverable
material

Energy
recovery

Raw material
saving

Local raw
material
source

Less
transport

Energy saving,
pollution

Sealing No risk of
liquid loss

Nuisance man:
Cleanliness, raw
material saving

Energy
Source

Low Energy Energy saving
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4 Hypotheses of First Formulation of Triz-ECOFAIRE

Conducting an inverse engineering analysis on the Ecodistrib case made it possible to
identify a set of ECOFAIRE improvement hypotheses by the TRIZ tools. It also
allowed to highlight a set of disadvantages compared to ECOFAIRE tools themselves.

The following table (Table 9) explains how can ECOFAIRE enhance its ideality by
introducing TRIZ Tools in its incomplete or lower quality steps. However, Triz tools
need to be updated to fit within Eco design and ECOFAIRE context. We describe in the
following, how each tool introduced has to be adapted.

4.1 H1: Multiscreen Tool

The multiscreen tool can play its classic role in predicting the future eco-designed
system. But for that it must be adapted to include the synthesis of the documents of
ECOFAIRE of the analysis phase (See Fig. 3) in particular:

• The expectations and environmental requirements of the various actors
• The description of the life cycle
• Environmental issues
• Identification of environmental aspects and impacts.

4.2 H2: System of Contradiction

The contradiction system of TRIZ keeps all its importance to really understand the
problem and to reveal the desired result. However, the terms of the EPV Model must be
adapted to the context of eco-design, as follows (Fig. 5):

• Element: must reflect a stage of the life cycle (raw material, logistics packaging and
transport, production, use, end of life), …

• Action Parameter: must reflect an environmental aspect from the context of the
study. The environmental aspect is “an element of the activities, products or ser-
vices of an organism likely to interact with the environment”.

• Evaluation Parameter 1: Must reflect an Environmental Impact. The environmental
impact is “any modification of the environment, negative or beneficial, resulting
totally or partially from the environmental aspects of an organism” (Exhaustion of
resources, damage to biodiversity, air pollution, water pollution, soil pollution,
waste,…).

• Evaluation parameter 2: must reflect an important outcome indicator in the context
of the study to assess economic performance (use parameter).
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4.3 H3: Principals

The principles of separation and the 40 inventive principles do not seem adaptable to the
context. On the other hand, a new tool can be developed that links TRIZ’s contradiction
system to the principles stated in the R1 eco-design wheel and the R2 checklist.

4.4 H4: Effects Pointer

The base of the physical effect pointer of Triz also seems unsuitable for the case of
EcoDistrib. It would also be wise to develop an effect base specific to the context of
Eco-design.

Table 9. TRIZ-ECOFAIRE characterization

Model-Type
steps

Recognize the problem Analyze the
problem

Synthesize
Solution
Concepts

Concretize
the solutions

Evaluate the technical
solutions

Ecofaire steps Environmental
Assessment of RP

None Searching
solutions

None Assessment of the
envisaged solutions

Existing
Ecofaire tools

CE4: environmental
expectations and
requirements of the
different actors
E1: Life cycle description
in first approach of the
reference product
E2: Environmental issues
as a first step
E7/E8: Identification and
characterization of
environmental aspects

None R1: Eco-design
wheel
R2: Check list

None ES1: comparison of
solutions according to
environmental indicators
ES2: decision support
ES3: visualization
of the environmental
consequences of design
choices

Improvement
by TRIZ

Adapt the 9 screens tool Adapt the
system of
contradictions

To develop To develop Improve the
formalization

Expected
Nature

Semi Structured Semi
Structured

Structured Structured Semi structured

Fig. 5. Adaptation of the system of contradictions to the context of eco-design
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5 Conclusion and Perspectives

The literature has shown the existence of several attempts to adapt Eco-design methods
through the TRIZ tools. However, this work presents ECOFAIRE’s first adaptation
attempt in this direction. This study aims first to characterize ECOFAIRE according to
a model that we have developed by ourselves in this paper, then to state hypotheses of
adaptation TRIZ tools to fill the limits of ECOFAIRE.

Several results emerge from this study. They can be summarized in the following:

– The adaptation of the 9 screens tool so that it can integrate the specificities of the
design of ecological products.

– The adaptation of the EPV model of description of the TRIZ system of contra-
dictions so that it can stand out in a structured way the conflicts to solve in the
process of eco-design.

– The emergence, through the exploratory case study of EcoDistrib, of the inadequacy
hypothesis of the classical tools of the TRIZ (40 principles, the principles of sep-
aration and the TRIZ matrix) with the context of eco-design.

In light of these results and the exploratory approach conducted through the
Ecodistrib case, several perspectives emerge:

– Conduct other case studies to confirm the ECOFAIRE improvement assumptions
made in this work.

– Make a comparison between the eco-design methods that attempt to adapt the TRIZ
tools to eco-design.

– Develop, in the case of ECOFAIRE, a tool that links the new system of contra-
diction to the principles set out in the eco-design wheel R1 and the checklist R2.

– Develop a tool similar to the effect pointers for the Ecodesign context.
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Abstract. Artificial Intelligence (AI)’s market is growing very fast all over the
world, along with Deep Learning (DL) technologies requiring more and more
data and speed to process them, in healthcare, agriculture, automotive, security,
and in among several other industries. However, despite this AI rapid and
increasing market expansion, there are numerous related challenges need to be
tackled. In this paper, the purpose is to show through another structured
approach derived from ARIZ algorithm and some principles coined by
TrizStartup movement [1], some of the problems deep learning industries are
trying to handle. This paper shows how TRIZ can be applied to fix one of those
AI problems. In fact, due to DL neural networks (NN) hidden layers, their
outputs are not reliable. If an error occurs, how could human reproduce the
issue? Human are not able to identify activated neurons to analyse root causes of
this malfunction. Therefore, reliability issue from hidden layers versus rapid AI
market skyrocket, data and speed processing, generates innovation problems. In
order to resolve this, principle 35-parameter changes with Althshuler Matrix,
little people, Su-Field analysis, seventy-six standards solutions, have been used
to generate quantum functions. The result described in this paper is a new
function called QuantumReLU (QReLU), created with Quantum computer in
order to extend classical activation function ReLU. It is then possible to fire
neuron with activation function QReLU, and to use quantum states to identify
activated neurons within hidden layers. Thus, Triz systematic approach led
switching neural networks algorithms from classical to quantum computer, and
therefore to build deep learning NN on quantum computer, based on the new
QReLU activation function.

Keywords: TRIZ � Deep learning � Quantum computer � QuantumReLU

1 Introduction

This paper’s purpose is not to discuss all deep learning and neural networks mathe-
matical details and complexities. This was already well done by Goodfellow, Bengio
and Courville [2]. Based on ARIZ algorithm and TrizStartup principles, this paper will
be structured on nine main points, see Fig. 1 and Table 1, to have a big picture.
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Brief Overview on the Method or Approach We Used
We first started by hearing deep learning market voice (P1) in order to understand what
the market is, who is leading the market, and in which region it is most likely used.
This shows us how far African regions and others are let behind this ongoing AI and
deep learning revolution and market expansion. Secondly, we defined some specific
problems (P2) this deep learning market is facing in terms of needs or improvement
issues. We selected one of those issues and focus on it for the next steps. Then, in the
third point, we took decision (P3) to generate typical problems based on this chosen
specific problems, in order to generalize it. This brought us to the fourth point con-
cerning the typical problem definition (P4). And then, in the fifth one, we got some
insights from innovators, experts or experiences around the world, out of deep learning
scope (P5), in terms of grabbing ideas on what else could have been done elsewhere,
outside DL markets in order to fix this typical problem with innovative and typical
solution (P6). Then in the seventh section, we went through training phases (P7) to
master some deep learning tools, technics software from current trends, to transition
from typical solutions to specific solution. Then, in the point height, we proposed a
specific solution (P8) to apply and fix the initial specific problem we point out earlier.
This proposal was tested and validated internally in a short scale. The section nine, was
the last point. It covered how the proposed solution could transform deep learning
market (P9). We opened discussions and concluded.

Fig. 1. Perpetual innovation’s transformation wheel, adapted from TrizStartup principles
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2 Analysis

2.1 P1 - Hearing Deep Learning Market Voices: The Rapid AI Market’s
Skyrocket Expansion and Processing Speed Increased

PricewaterhouseCoopers [3] shows that global World GDP could be increased to $15.7
trillion, by 2030, due to Artificial intelligence technologies. See Table 2 to notice how
far Chinese AI GDP is, compare to the other countries, and even regions of the World.
In this, $1.2 trillion would be added for Africa and others.

Inside AI demand growth, there are also some initiative which are led by deep
learning Fig. 2. And concerning Deep Learning per say, some researches conducted by
companies such as Markets and Markets (MM) [4], and Market Research Future
(MRF) [5], expressed some projections. Deep learning’s market was worth USD 2.28
Billion in 2017, then 3.18 Billion in 2018 and is expected to reach USD 18.16 Billion
by 2023. For the MRF, the research was structured by component, application (Image

Table 2. Importance of Chinese AI GDP compare to Others, adapted from PwC.

Regions GDP in Trillion $ US by 2030

China 7,0
North America 3,7
Northern Europe 1,8
Africa, Oceania and other Asian Market 1,2
Developed Asia (without China) 0,9
Southern Europe 0,7
Latin America 0,5

Table 1. High level organization of the steps used for analysis on this current paper.

Steps Description Flow used

P1 Hearing deep learning’s market voices Decision flow
P2 Define deep learning specific problem Action flow (ARIZ)
P3 Take critical or management decisions Decision flow
P4 Generate typical problem Action flow (ARIZ)
P5 Get some insights by learning from innovators,

experts, or from elsewhere out of DL scope and
environment

Decision flow

P6 Define typical solution based on P5 Action flow (ARIZ)
P7 If necessary, train your team to master TRIZ,

otherwise call TRIZ experts for assistance
Decision flow

P8 Find your specific solution based on P6 and P7 Action flow (ARIZ)
P9 Now, with your specific solution on P8, go and

transform your DL market, and if possible,
impact the World

Decision and action flow (P9)
and (P2) to reinitiate the wheel
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recognition, signal recognition, data mining), End-User industry (automotive, health-
care, manufacturing, retail, agriculture, security, marketing). And for MM: The
research methodology was based on studying annual and financial reports, presenta-
tions, press releases related to DL top players. They also discussed with experts and
analysed some specialized white papers such as The Zettabyte era regarding the trends
and Analytics. They both came out with similar results. Deep learning compound
annual growth rate (CAGR) will jump quickly to reach 41.7% from 2018 to 2023.
According to the previous studies, there are three segments in deep learning market.
The first segment is related to component industry, and is also sub-segmented into
hardware, software and services. The second one is about application, and the last one
concern end-user industry. From the component segment, the software sub-segment
will hold the biggest share during the forecast period 2018-2023. But in the meantime,
services sub-segment will be growing with highest rate. In the software sub-segment
for example, emphasis will be made on software frameworks and platforms/APIs with
algorithms and codes available for hardware to perform deep learning programs. The
following non-ordered list shows some of the main open platforms to test deep learning
algorithms, assertions, and codes: TensorFlow [6], PyTorch [7], Keras [8], Apache
MxVet [9], Caffee [10], Caffee2 [11], DeepLearning4J [12], and so on. Figure 3 shows
how DL market is shared in different regions trough the World:

Figure 2 shows that deep learning initiatives are still so weak in rest of the World
(RoW) region including Africa, and Latin America, even though, those regions could
hugely work to generate their own DL applications based on biases adapted to cultural
and local realities. Indeed, for emerging countries whose economies are based on
agriculture, oil and gas exportations, for example, there are numerous possibilities to
create deep learning applications to leverage their development. In agriculture, DL is
widely used in several areas such as plant diseases early detections and diagnosed with
image recognition, weed identification, plant classification, weather forecasting, yield
prediction, fruit counting [13]. And DL could also be used for land and cover classi-
fication, soil moisture estimation, animal research and so on. In the next section we
discussed some important challenges deep learning’s market and industry are currently
facing.

Fig. 2. DL market segments by region, based on MM
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2.2 P2 - Defining Deep Learning Specific Problem

Quick Overview on Deep Learning Neural Networks Main Principle
Machine learning and Deep Learning are both branches of Artificial intelligence. Deep
learning is a kind of crude imitation of how human brain works. It is also a kind of
representation learning. And this one is also a sort of machine learning. See how Fig. 3
is showing the Venn diagram describing the relations between those concepts.

Difference Between Machine Learning (ML) and Deep Learning (DL)
The difference between them resides in the following. Machine learning uses algo-
rithms to split data into significative parts and process them to take decision. Machine
learning (ML) include supervise learning in which a human feed the machines and
teach them with correct input-output. ML include also un-supervised learning through
which a machine deduced its own output from recognized pattern, while given input
were provided. ML use also reinforcing learning to observe gathered information while
interacting with its environment and take actions in order to reduce risk and to optimise
its rewards. DL is a subfield of ML. DL uses a layered structured algorithm so-called
artificial neural network (NN), inspired by human brain’s biological network, in order
to analyse data with a kind of human logic, to draw its conclusions. But in case of
inaccurate predictions, while ML need engineers or human operators to make some
adjustments, DL can verify by it own if its prediction is accurate or not, by making
intelligent human-like decisions. Basically, Deep learning classifies input information
using layered neural networks. And those neural network (NN) are composed with
multiple k-hidden layers of neurons fully connected between the input and output
nodes.

Fig. 3. AI to Deep Learning, adapted from Venn diagram, Goodfelow et al.
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Deep Learning, Speed versus Reliability Issues
There are numerous challenges discussed by AI experts on deep learning. But for the
purpose of this paper, we will focus on some of them. In fact, details on deep learning
limits and challenges were provided by Gary Marcus [14], professor at New York
University and former AI head at Uber. There are also other issues such as the ones
explained by professor Kunle Olukotun [15] from Stanford University whose expla-
nation could be also benefitted to understand current Deep Learning limits.

• Deep Learning need data, thousands, billions, and now Zettabytes of data, in order
to train their neural networks algorithms and to easily classify their outputs.
(Problem 1)

• Speed of computation is now limited, according to Olukotun: “You’ve got these
huge [computational] demands, but you have the slowing down of Moore’s law,”
Olukotun said also: “The question is, how do you meet these demands while
Moore’s law slows” [16]. And for Greg Diamos [17] senior researcher at Baidu:
“Today the job of training machine learning models is limited by compute, if we
had faster processors, we’d run bigger models” (Problem 2)

• Deep learning lacks a mechanism to understand abstraction explicit verbal defini-
tion. It works better when there are thousands, millions or even billions of training
examples, said Marcus (Problem 3).

• Deep learning is opaque, and there is no transparency in the decision they make
based on patterns and correlations they generate through millions of data. This
opacity can be critical in several scenario, and for example, medical treatment for
patient, if any mistakes are made. For Marcus, this lack of transparency is a
potential liability for financial trades, medical diagnosis, in which human would
like to understand how a given system made a given decision. (Problem 4)

Our Selected Deep Learning Specific Problem
We reformulate all those issues as follow: As per Diamos, we want to run big models
with neural networks, therefore we need to increase processors speeds. But in the
meantime, we need to overcome this lack of transparency and any potential liability, as
per Marcus, thus we need to preserve reliability. So, we want to improve the computing
speed, but by doing so, the reliability of the neural network outputs becomes more and
more worst, since this lack of transparency will be increased. How can we fix this
innovative issue? Which decisions could we take in order to have this issue been
resolved?

2.3 P3 - Tacking Decision: Where to Go? or Which Innovation Directions
to Use so that We Can Fix This Specific Problem?

In this section we used innovation’s 3 dimensional representations [18] shown in
Fig. 4, in order to decide which direction was helpful to fix the specific problem
defined in the previous section.
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Here:

• C-K [19] is defined as Concept – knowledge theory, a design theory to create the
unknown,

• ASIT [20] is a method to help companies use their in-box creativity in order solve
innovation problems. ASIT comes from TRIZ

• TRIZ ‘Teoriya Resheniya Izobreatatelskikh Zadtch’ is the (Russian) acronym for
the “Theory of Inventive Problem Solving.” Initiated by Altshuller [21].

The decision to use TRIZ, ASIT, or C-K, or any combination of those innovation
and creativity theories, tools, and method depend of the following scenarios:

• Scenario 1: If the issue needs to be resolved by something based on completely
unknown expression, then we use C-K to create that unknown by digging alter-
nately from Concept to Knowledge, and vice-versa, until we reach knowledge or
concept that can be used to fix the issue.

• Scenario 2: If the issue is formulated by a known expression, and if this issue
required focusing on companies or organizations’ internal resources to leverage
their in-box creativity, by finding solutions from the problem’s zone, then ASIT will
be the direction to use to innovate.

• Scenario 3: If the formulated issue is with known expression, and if this time, we
need to go out of the box, beyond our internal resources, and our engineering
comfort zone, to grab some insights elsewhere in order to have the issue been
resolved, then we will use TRIZ, as innovation direction.

• Between those extreme scenarios, we defined vector TACK (X, Y, Z), to position in
3 Dimensions, the decision regarding which innovation direction will be used to
solve the issue. In fact, TACK stand for Triz Asit and C-K. From those TACK
vectors we create 3 orthogonal innovation plans as following:

Fig. 4. Innovation directions, adapted from TrizStartup movement
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Breakthrough innovation plan:
Led by TRIZ: Tack (1, 0, 0) and C-K: Tack (0, 0, 1), through the following PLAN:

PLANBreakthrough Innovation TRIZ;C�Kð Þ ¼ P Tack 1; 0; 0ð Þ; Tack 0; 0; 1ð Þð Þ ð1Þ

Continuous or incremental innovation plan:
Led by ASIT: Tack (0, 1, 0) and TRIZ: Tack (1, 0, 0), through PLAN:

PLANincremental Innovation TRIZ;ASITÞð Þ ¼ P Tack 1; 0; 0ð Þ; Tack 0; 1; 0ð Þð Þ ð2Þ

Other innovation Jugaad, frugal innovation and others initiative such as DIY etc.,
pan:

Led by ASIT: Tack (0, 1, 0) and CK: Tack (0, 0, 1), through PLAN:

PLANJugaad;Frugal;Others ASIT ;C�KÞð Þ ¼ P Tack 0; 1; 0ð Þ; Tack 0; 0; 1ð Þð Þ ð3Þ

As reminder, the specific issue was described as follow: we want to improve the
speed for computations for data processing. But, by doing so, the reliability of the
neural network output becomes more and more worst, since this lack of transparency
will be increased. This issue in this case is about known expression with concepts such
as «transparency» or «opacity» issue in neural networks due to hidden layers. So, we
can use ASIT or TRIZ. In addition, this issue is a global issue, and it is not an issue that
need to be dealt by a single company or organization, attempting to resolve it with their
in-box creativity. Therefore, ASIT will not be used in priority. Instead, we will be
starting with TRIZ to fix this issue. And if we want to generate a breakthrough
innovation, we can use only TRIZ, or combine it with C-K, in the
PLANBreakthrough Innovation TRIZ;C�Kð Þ. And in this case any combination of TRIZ: Tack
(1,0,0) vector and C-K: Tack (0,0,1) vector could be used. But for concision in this
paper, we used, only TRIZ to fix this specific DL speed versus reliability issues.

2.4 P4 - Generating Typical Problem and Suggestions: Reliability Issue

In every single field where Deep Learning is used, it is making significant strides. This
is true in speech recognition with deep recurrent neural network [22]. It is also true in
image search without tag performed with deep convolution neural network. Todays,
search ranking are made with deep neural network, email are smartly replied with feed-
forward neural network combined with deep recurrent neural network. All those
achievements made with deep learning, demonstrate how far and fast DL is expanding.
We first used reinvention technics from Michael Orloff [23], to model and represent the
specific issue. Secondly, we also used Su-Filed technique to represent another model of
the same issue.
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First Model of the Typical Problem Adapted from Reinvention Technics from
Orloff [23]
Reinvention: eliminating neural network layers’ opacity (Table 3)..

Trends Deep Learning neural networks required huge amount of data to perform their 
training and classification. And, to do so, the computing process consume 
time and energy. Therefore, the processor speed needs to be improved. But in 
the meantime, it is completely not feasible to see what happening inside those 
neural networks’ algorithm. The hidden layers and their corresponding neu-
rons reduce output’s results reliability.

Reducing Macro-FIM :  By doing X-Thing, the initial system is modified. It doesn’t 
create new problems, and assures that the following result is obtain:
IFR: [ The neural networks hidden layers are visible ]

Standard contradictions (SC), or Technical contradictions

Radical contradiction (RC), or physical contradiction

Neural 
Networks Unable to understand

how hidden layers 
took decisions

Fast computation 9 - Speed

27 - Reliability

11 Beforehand cushioning
35 Parameters changes
27 Cheap short-living objects
28 Mechanics substitution

+

-

Althshuler– Matrix Factors Specialized model recommended

& Must Not be visible  to perform quickly train-
ing and classification on huge dataset

Must be visible to be seen, counted, marked, in 
order to detect fired and activated neuron

Layers

Table 3. Zooming expected for typical solution

Expected Zooming on the target typical solution

Contradictions
removed

Yes (this is a target decision we expected to get at the end)

Super-effects The layers are visible, and now the outputs are reliable
Negative effects The targeted typical solution will require digging on something

hidden and invisible for human
Development trends Possibility to create a path inside the neural network for any single

output, from input feature to last output feature. And this could be
done on all activated neurons inside the hidden layers. And any
single neuron path will therefore make those layers become visible

Changes in the
Ambient system

Activated neuron are visible, hidden layers are visible, and can be
plot, extract, and interpretable

Extended uses We can define new kind of jobs, for example, as Deep Learning
Auditors, in case of trouble, they will be able to extract those paths,
like working in a Plane Black-box after a crash, to analyze the
reliable output, and at which point, on which layer, the issue
emerged, and which neuron were involved in the issue, so that
correctives actions could be taken for the current situation, but also
to avoid them in the future

Beauty of the solution Now the invisible world become visible in the deep learning
universe
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Second Model Used to Generate Typical Problem by Using Sub-field Analysis
The current system needs to be improved. By digging in the 76 standard solutions,
Class 2 and Class 3 are dominant classes to use to get a typical solution for this typical
problem. In fact, as per Terninko, Domb, and Miller [24], Class 2 has some model to
improve the system by changing it. Class 2, and its Class 2.2.2 gives us typical
solution. This is also true for Class 3 as well. Typical solution from Class 2 is about:
Developing the Substance-Field System. And its Class 2.2.2 is about: changing sub-
stance from a macro level to a micro level. Typical solution from Class 3 is about the
System Transitions. And its Class 3.2.1. is about: Transition to the Micro-Level (Fig. 5
and Table 4).

2.5 P5 - Getting Some Insights by Learning from Innovators, Experts,
or from Elsewhere Out of DL Scope and Environment and Grabbing
Suggestions for Typical Solution

The idea behind getting those insights is to narrow the suggested Typical solutions in
order to focus to the feasible one, based on what else have been done elsewhere, we
selected the following suggestion: Selected suggestion: Change an object’s physical
state. Here we have: Neural Networks -> Layers -> Neurons, which are built on
classical computer algorithm. Those ones are running programs based on bits 0 and 1
which are lowest information unit used in the system. So, changing the physical state of

Table 4. Summary of suggested Typical Solution determination

Technic Type Suggested typical solution Code

Contradiction Standard
(SC)

Change an object’s physical state Suggestion
1

Radical
(RC)

Move to the super-system or the sub-system Suggestion
2

Su-field
analysis

Class
2/2.2.2

Changing substance from a macro level to a
micro level

Suggestion
3

Class
3/3.2.1

Transition to the Micro-Level Suggestion
4

C
C’

To micro-level 
Macro-Level

Fig. 5. Applying Class 3, Class 3.2.1
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the Su-filed will be related to changing the physical state of this single unit of the
system. So how can we change a physical state of something that is binary having
states only equal to 0 or 1?

3 The Results

3.1 P6 - Talking About Typical Solution: Quantum Information
and Qubits, the Solutions?

IBM lunch IBM Q [25], a free platform to test and write freely coded on quantum
programming. Google asked, last year, for NASA’s help to prove quantum supremacy
within a matter [26]. The idea behind quantum supremacy is the challenge to prove
quantum computer with sufficiently powerful should be able to perform easily where
powerful classical machines failed to do so on certain mathematical calculation.
At NASA, some benchmarking test on both quantum computer and on supercomputer,
were conduct by Benjamin Villalonga [27] at the Quantum Artificial Intelligence Lab at
NASA. In this way, they were able to compare performances and to conclude the
supremacy of quantum computer. IBM provide also Qiskit, an open-source framework
for quantum computing. Several other platforms exist to test quantum computer with
ease. We emphasis on Qubit, because Today’s computers are working on bits of
information. Those bits have only two states: 0 or 1, as we mentioned before. But
quantum computers possess more than two states; they use quantum bits so called
Qubits, to encode information. Those Qubits can represent electrons, photons, atoms,
ions. All those are working together to produce the computer processor and memory.
Quantum computer can contain all these multiple states simultaneously. Thus, those
quantum computers are fare and millions of times more powerful than most popular
supercomputers.

3.2 P7 - Training the Team to Transition from Typical to Specific
Solution

According to the previous explanation provided on this paper, related to suggested
typical solution (suggestion 1, 2, 3, and 4), we decided to put our emphasis on trying to
find a specific solution in quantum world. But to deal with quantum computing
combined to deep learning, we used TRIZ nine’s windows, DTC operators to break the
psychological inertia [28]. Moreover, concerning deep learning and quantum com-
puting programming, we used tools and software such as python 3.7 [29], pythorch
[30]; and for Quantum computing, online resources such as Qiskit [31, 32].

3.3 P8 – Building the Specific Solution

The Solution: Inventing QReLU activation function, the ReLU equivalent for Quan-
tum Computers.

We moved from micro level to quantum word. We used Qubits instead of bits to
code in Qiskit, the information. Since qubits have more than two states, we parse a
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pointer as controller in the other available states. This parsed pointer is dynamically
created each time a neuron is activated or fired. The pointer is located on the Bloch
sphere [33] and we have several options to control those parses pointers with Ion traps,
Optical traps, Quantum dots, Semiconductor impurities, Superconducting circuits, etc.
(Fig. 6).

How Do We Finally Come to the Solution?
We adapted artificial neural network structure combined with Bloch Sphere. We used
Little people technic [34] to project ourselves inside the neuron, and in hidden layers
(Fig 7):

We understood that little man, when inside the neuron, can see how this neuron
structure is newly designed shaped with Bloch Sphere attributes. Same things inside the
hidden layers (Fig. 8).

Fig. 6. Neural Network: from classical to quantum computer

Fig. 7. Little people looking inside neuron as on a Bloch Sphere
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Our New QReLU Function: The Mathematical Formula
The newly activated function will be call QReLU (Quantum ReLU or Quadratic
ReLU), where:

Wj 0ð Þj i are input; for j ¼ 1 to n; ð4Þ

Wj kð Þj i ¼ QReLU
Xp

i¼1
Wj k � 1ð Þj i: b i k�1ð Þ kð Þ þ bjk

� �
; j ¼ 1 to q ð5Þ

bjk are complexes biases added to activation function Wj kð Þj i for j ¼ 1 to q (Figs. 9
and 10)

b i k�1ð Þ kð Þ, are complexes numbers corresponding weight of previous activated
neurons

QReLU Wj kð Þj iðajk;bjk;cjkÞ
� �

¼
0; Wj kð Þj iðajk;bjk;cjkÞ

���
���\1

Wj kð Þj iðajk;bjk;cjkÞ; Wj kð Þj iðajk;bjk;cjkÞ
���

���� 1

8<
: ð6Þ

And,

Wj fð Þj i are output; for j ¼ 1 tow

Fig. 8. Little people looking inside neural networks and hidden layers as in front of multiple
Bloch spheres
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HowWe Created QReLU on a Quantum Computer, Using Qiskit and Python?

#QParse_pointer_f(QReLU_forward,QClassifier(QReL
U_forward))

return QReLU_forward

# Now let define a simple backward function with basic 
QReLU

def backward(self, input, bwg_output):
r = LA.norm(input)

if  r > 1 :

QReLU_bw = np.array(input)
#QParse_pointer_bw(QReLU_bw,QClassifier(QReLU_bw))

else :
QReLU_bw = 0

return QReLU_bw*bwg_output

# Testing the forward function
qrel1 = QReLU()
b=qrel1.forward([0,-0.25,4.5])
b 
# QReLU’s forward function Visualisation on a Bloch 
sphere:
qiskit.tools.visualization.plot_bloch_vector(np.array(b))

#This previous neuron will be 
fired and activated. 

from numpy import linalg as LA
class QReLU():

def _init_(self):
pass

# Let define a simple forward for our basic QReLU 
def forward(self,  input):
#vect = np.vectorize(complex)(input)
p = LA.norm(input)
if p < 1 :

QReLU_forward = 0
else :

QReLU_forward = input
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# But the following neuron will not be activated  
qrel1 = QReLU()
b=qrel1.forward([0,-0.25,0.5])
b 
>>>> 0
# Now, testing the backward function: 
qrel2 = QReLU()
c=qrel2.backward([-3,0.25,5.05],0.2)
c 
# QReLU’s backward function Visualisation: 
qiskit.tools.visualization.plot_bloch_vector(np.array(c))

3.4 Discussion on the Method Contributions and Limitations

This method contributes to work on neural networks hidden layers, and therefore open
the gates for new opportunities with new kind of jobs created. For example, Deep
Learning Auditors, in case of NN malfunction or error in prediction, or any trouble
with outputs, they will be able to extract significant paths. And, like working in a Plane
Black-box after a crash, DL Auditors could analyze the reliable outputs, and activated
neurons involved in the issue, so that correctives actions could be taken in the current
situation, but also to avoid similar issues in the future. This reliability will give also

Fig. 9. Visualization of forward function on Bloch sphere

Fig. 10. Visualization of backward function on Bloch sphere
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opportunity to human to really have control or at least, will be able to investigate the
root cause of any issue that will be made by machine. This method also extends ARIZ
algorithms with intermediate steps in terms of decisions, directions, and actionable
tools to take or to make between ARIZ blocks.

But this method presents some limitations. For example, to come to this QReLU
function, we made some assumptions. Since in classical ReLU (x) = max (0, x) neg-
ative x were not fired. Only positive x was fired. So, we assumed that, in a Bloch
sphere, with complex values, and qubits, inspecting negative values is useless. Instead,
only neuron x with Frobenius [35], or others norm(x) >= 1 will be fired and activated.
We used qubits to construct these neurons, and to evaluate their norms in order to
activate or not the neuron. So how could we deal with neuron x inside the Bloch sphere
near border where norm(x) = 1 − ɛ, and ɛ > 0, and with ɛ, a float number close to 0?

4 Conclusion

In contrast to other researches on Deep Learning using trial and errors, we used
TRIZ ARIZ algorithm, and TrizStartup methodology, to structure our thinking on this
subject. This allows us to dig on Speed versus Reliability issues, and to come with a so-
called QReLU, Quantum version of the classical ReLU function. TRIZ tools and
technics could, therefore, be used for further systematic researches on deep learning
and on AI development for helping open in systematic ways, new frontiers with
Quantum computers. This will make Artificial Intelligence more and more explainable,
to preserve human control over machines in the future of Humanity.
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Abstract. It was shown during TRIZ Future 2018 conference, that a diagram
resulting from Cause-Effect Chains Analysis (CECA) might be transformed into
a state machine model. Although the conversion was described with a set of
rules, no specific benefits of switching to a state machine approach were pre-
sented then.
This paper focuses on enhancing the conversion and exploring the possibil-

ities to simplify the output model without losing its information content. It
briefly shows relations between the state machines and the formal grammars,
proposes regular expressions as a compressed representation of the processes
producing target disadvantages and provides SWOT-like analysis of the
behavioral state machine CECA model with respect to the classic structural
CECA model. It also shows the similarity of the state machine model to
hardware-software approach.

Keywords: TRIZ � Cause-Effect Chains Analysis � State machine model �
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1 CECA and Logical Model

Cause-Effect Chains Analysis method was developed by GEN3 in 1990s for building
causality diagrams in a systematic way [1–3]. It is intended to be used after exploring
structure and operation of the analyzed system with other TRIZ tools, such as Function
Analysis or Flow Analysis. The procedure starts with selecting target disadvantages
that should be eliminated and then their preceding causes (intermediate disadvantages)
are investigated one by one until the root causes are found, which are recognized as
remaining beyond control. The outcome of the analysis is a set of key disadvantages
chosen amongst the revealed causes, considered to be the most appropriate to address
in order to eliminate the target disadvantages.

The procedure is documented with a diagram composed of boxes with descriptions
of disadvantages and arrows indicating the flow of causality. The linear chains of
causes are usually connected on inputs (with common causes) or on outputs (with
logical operators), indicating how the contributing causes trigger the effects. Similarity
between the structure of a CECA diagram and a combinational logical circuit using
AND/OR gates inspired the concept we have originally presented in [4] and expanded
in [5, 6] later on. It relies on representing the structure of a CECA diagram with a set of
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logical functions operating on root causes or intermediate disadvantages, perceived as
Boolean variables, evaluating to 1/0 for an active/inactive cause, respectively.

Such a model allows the analysts to apply logical minimization and other tech-
niques used for developing combinational logical circuits to support the selection of the
key disadvantages. A drawback of this approach is the lack of time reference, inherited
from the original CECA model, where the only notion of time comes from the arrows
going from causes to effects, thus determining the sequence. In addition, the logical
model only reflects the structure of the input diagram, ignoring the contents of the
boxes, i.e. the specific disadvantages involved. To address these shortcomings, in [7]
we have proposed modeling of CECA diagrams using Hierarchical Concurrent Finite
State Machine paradigm [8] and the rules outlined in the next section.

2 Building State Machine CECA Model

The main assumption of the proposed state machine approach is that a CECA diagram
describes interconnected harmful processes, i.e. sequences of operations performed
within the system or super-system that jointly “produce” the target disadvantages. This
seems to closely correspond with the concept of a harmful machine proposed in [9].
Each of these processes is modeled with a linear chain of causes and the connections
between the chains (common causes and logical operators) indicate specific conditions,
required for the “production” to progress. It is also assumed that the input CECA model
is developed using the condition-action style devised in [10], i.e. it contains interleaved
boxes representing interactions and conditions. A CECA model structured this way
may be transformed into a state machine model, with nodes reflecting states and
labelled edges reflecting conditional transitions, using the following guidelines [7]:

• nodes representing actions in the input diagram are converted into respective states
in the state machine diagram,

• nodes representing conditions in the input diagram are converted into transitions
with respective condition labels, positioned accordingly in locations of the
incoming and outgoing edges of the original diagram,

• common causes being condition nodes, connected to several succeeding nodes in
the input diagram, are reflected in the state machine diagram as groups of edges
modeling transitions to respective states (labelled with the same condition inherited
from the original cause),

• OR operators appearing in the input diagram are converted into groups of edges in
the state machine diagram (one edge for each input), modeling alternative condi-
tions required for transitions to the respective output states; in practice OR operators
are often omitted and depicted as multiple edges, which do not need conversion,

• AND operators appearing in the input diagram are converted into additional nodes
and edges in the state machine diagram, modeling coincidence of conditions
required for transitions to the respective output states,

• a loopback edge is created for each of the nodes in the state machine diagram, with
a condition complementary to conditions of all other outgoing edges of this node to
model waiting in the same state; such a transition is default when none of the exit
conditions are met and it is usually not shown in diagrams.
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These instructions are illustrated in Fig. 1, together with two additional rules:

• feedback paths (“vicious circles”) in the input diagram are converted into respective
cyclic transitions in the state machine diagram, as for regular action-condition
segments,

• common causes being action nodes, connected to several succeeding nodes in the
input diagram, are reflected in the state machine diagram as groups of edges
modeling transitions to respective states (labelled with the conditions inherited from
the corresponding target nodes).

3 Simplifying State Machine CECA Model

It was shown in [7] that above-mentioned conversion results in a decreased number of
nodes in the diagram. This effect comes from changing the nodes reflecting conditions
into edges representing conditional transitions. On the other hand, AND operators were
also transformed into states, accordingly to the original method. It is worth noting,
however, that an AND operator in a CECA diagram does not reflect any interaction and
serve logical purposes solely, as it indicates that the output effect is triggered when all
contributing causes are active.

Consequently, the state inherited by the state machine model from an AND
operator does not reflect interaction either. It is only used to represent a stage where the
process waits for a specific combination of conditions before progressing to the next
stage. In terms of the synchronization scheme, it may be considered as deferring the
transition until the last input cause becomes active. Such approach to AND conversion
violates the clear differentiation among actions (represented by states) and logical
conditions (represented by transitions), thus introducing a deficiency of the original
method.
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Fig. 1. Building blocks of a CECA diagram and their counterparts in a state machine model [7]:
regular action-condition segment (a), action-condition segment with a common cause (b), OR
operator (c) and AND operator (d). Additional building blocks: feedback connection (e) and
branching to multiple next states with different conditions (f). Concatenation of symbols denotes
logical AND. Loopback edges have been omitted for clarity.
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A solution to this problem is depicted in Fig. 2. An AND-state may be removed
from the model if the transitions from all the input states are reconnected to the output
state with conditions equal to logical AND (conjunction) of the original input condi-
tions. In the example the AND-state inputs are ci coming from ai and cj coming from aj
while the output transition to ak requires ci cj condition. After simplification both
transitions from ai and aj to ak require ci cj condition and AND-state disappears.

The basic rule for minimizing state machines indicates that two states may be
unified (merged) if and only if their output functions are identical and their transition
functions are compatible (identical or at least non-contradicting). Simply put, this
requires that observed output behavior, as well as pattern of conditional transitions to
the next states, are the same before and after the minimization. In the area of digital
design this rule is used to decrease the number of states in order to simplify circuit
construction and state encoding. Let us analyze if and how does this concept corre-
spond to a state machine CECA model.

Identical output functions in an abstract state machine map onto identical actions in
a sequential CECA model, i.e. pairs of interacting objects (tools and products) and the
operations must be identical for both the candidate states. As for the output transitions,
there are several generic variants possible. Identical conditions are conditions referring
to same parameters, relations and threshold values, which is a special case of equivalent
conditions, evaluating to equal logical values in all situations – even if they are for-
mulated differently in the input model. This is illustrated with fully overlapped circles
in Fig. 3c. Contradicting and non-overlapping conditions (Fig. 3a) never evaluate to
true at the same time – e.g. T < 25 and T > 30. Partially overlapping conditions
(Fig. 3b) only for some cases both evaluate to true – e.g. T > 25 and T < 30. For
nesting (Fig. 3d) one condition is “stronger” than the other – e.g. T < 25 and T < 30,
while complementary conditions (Fig. 3e) do not overlap and cover all situations – e.g.
T < 25 and T � 25.
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Fig. 2. Simplifying AND operator representation: original fragment of a CECA diagram (a),
state machine model representation proposed in [7] (b) and minimized representation without
artificial AND-state (c).
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Fig. 3. Different combinations of conditions: contradicting/ non-complementary (a), partially
overlapping (b), equivalent/ fully overlapping (c), nested (d), contradicting/complementary (e).
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The simplest case of state merging is when the next states of both the candidates are
the same. This situation is schematically depicted in Fig. 4a. In such a case the states ai
and aj are merged into a single state, while the transitions ci and cj are merged into a
single transition with condition ci + cj describing an alternative (logical sum) of the
conditions. If each of the merge candidates has a different next state, the states are
merged like in the first variant described above and the conditions guarding particular
transitions are preserved (Fig. 4b). As can be seen, the first scenario leads to combined
conditions, while the second scenario leads to combined sets of the next states.

Depending on the relation between the conditions involved, these two scenarios
may generate several specific cases, summarized in Table 1. As stated in [7], each
linear chain of an input CECA model is represented by a separate state machine with an
initial state reflecting respective root cause and all such state machines operate con-
currently. An important consequence of this approach is the possibility of simultaneous
triggering of several next states through separate transitions labelled with the same
condition. This extended interpretation implies, that any two states representing same
interaction may always be merged, because their transition functions are always
compatible.
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Fig. 4. Generic variants of state merging: for same next state (a), for different next states (b).
Single next states are shown for simplicity; for multiple next states the rules apply respectively.

Table 1. Possible configurations of conditions and next states of the merge candidates.

Conditions Identical next states Different next states

(a) non-
overlapping non-
complementary

Conditional transition with
sum of conditions

Conditional branch mutually
exclusive (none, one or another next
state)

(b) partially
overlapping non-
complementary

Conditional transition with
sum of conditions

Conditional branch exclusive or
concurrent (none, one, another or
both states)

(c) fully
overlapping non-
complementary

Conditional transition with
either of conditions

Conditional branch always
concurrent (none or both next states)

(d) one nested in
another non-
complementary

Conditional transition with
“weaker” condition

Conditional branch exclusive or
concurrent (none, one or both next
states)

(e) non-
overlapping
complementary

Unconditional transition
(sum of conditions always
evaluates to true)

Immediate conditional branch
mutually exclusive, obligatory (one
or another next state)
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To conclude this section, it should be noted that a state machine model obtained
from a converted CECA diagram may be simplified by removing the artificial AND-
states as well as by merging the states reflecting the same interactions in the analyzed
system.

4 State Machine Model vs. Formal Language

The concept of a formal language [11] comes from the field of Mathematical Lin-
guistics and refers to a language generated (defined) by a formal grammar. There are
several categories of formal languages, with different limitations regarding the gener-
ation rules. The most restricted are regular languages, generated by regular grammars,
which are recognizable by Finite State Machines (FSM). A formal grammar is defined
by indicating:

• set of terminal symbols (terminals),
• set of non-terminal symbols (non-terminals), containing a designated start symbol,
• set of productions, transforming sequences of symbols into sequences of symbols.

Non-terminals are symbols to be replaced with sequences of symbols determined
by productions. The generation of an expression in a target language begins with a start
symbol and uses particular productions to convert non-terminals in the successive
output sequences, until the sequence contains terminal symbols solely.

An example of a simple grammar is given below. Using productions 1 and 3 we
obtain expression “zm” and using the productions 1, 2, 2, 3 we obtain “zoom”. As can
be seen, this grammar defines a language containing all expressions starting with the
“z” symbol, ending with the “m” symbol and containing zero or more “o” symbols in
between – i.e. “zm”, “zom”, “zoom”, etc.

terminals: {z, o, m}
non-terminals: {S, T}, start symbol S
productions: 1. S→zT 2. T→oT 3. T→m 

An alternative way of defining a set of expressions sharing common morphological
characteristics uses notation called regular expressions [11]. Such expression describes
a template of all target expressions and it may contain some terminal symbols and some
special symbols indicating production rules implicitly. For instance, an asterisk denotes
that preceding symbol may appear zero or more times, so that sample grammar defined
above is represented by the regular expression: “zo*m”.

As stated before, a state machine may be used to recognize particular grammar, i.e.
to check if a sequence of symbols presented at the input constitutes a valid expression
in this grammar. This requires that some states are designated “accepting states” and
whenever any of such states is reached, the input sequence is considered valid. In other
words, for each regular grammar an equivalent finite state machine may be created.

What we intend here, with regard to cause-effect analysis, is the opposite: we want
to find a grammar or regular expression representing a given state machine CECA
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model. The target disadvantages are logical counterparts of the accept states in this
case. And we are looking for a synthetic linguistic description of all paths existing in
the model that lead from the root causes to the target disadvantages. Expected outcome
of this approach is a compact specification (or a “prescription”), stating what exactly
and in what order must happen in the analyzed system to generate all identified target
disadvantages.

A definition of a state machine recognizing the sample grammar is presented below.
It is described using the notation required by an online FSM simulator [12], with
simplified formatting (originally, each entry should be put on a separate line). The
diagram automatically generated by the application from this definition is shown in
Fig. 5a.

#states     0  1  2  3 
#initial    0 
#accepting   3 
#alphabet    z  o  m 
#transitions 0:z>1 1:o>2 2:o>2 1:m>3 2:m>3

As can be seen, the accept state 3 may be reached from the initial state 0 through
state 1 or through states 1 and 2, reflecting various production rules defined by the
grammar. Such an automaton only describes the transitions expected for valid
expressions and the diagram of a complete recognizer generated by the application for
the regular expression “zo*m” is shown for reference in Fig. 5b. It introduces two
important changes:

• an additional state is used for signaling invalid expressions violating the template,
• valid expressions are detected using smaller number of states than in grammar-

based implementation (3 instead of 4), as the state 2 recognizes 0 or more “o”
symbols.

Fig. 5. State machine diagrams generated by application [12]: from the explicit definition of the
state machine (a) and from the regular expression “zo*m”, as a grammar recognizer (b).
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5 Discussion

Let us begin the discussion with summarizing the main properties of the two modelling
approaches. The classic (structural) CECA model features:

• three types of diagram components – boxes, logical operators and arrows,
• boxes represent disadvantages – whatever their nature is,
• logical operators indicate how do the causes combine to trigger the effects,
• arrows represent causality flow and do not have any attributes.

State machine (behavioral) CECA model features:

• two types of diagram components – boxes and arrows,
• boxes represent states reflecting the interactions within the system or super-system,
• arrows represent conditional transitions between the states, indicating causality

flow, and they are labelled with the logical conditions.

Next, let us focus on the differences between the state machine approach and the
classic CECA method using four perspectives of the SWOT analysis.

Strengths:

• states and conditional transitions represent behavior of the concurrent processes
better than a structural diagram, which looks static in comparison,

• stages of the process and transitions between stages are clearly distinguished with
dedicated types of diagram elements, which makes the model more comprehensible,

• logical operators are converted into states or transitions and disappear as a separate
type of nodes, which makes the model simpler,

• state machine representation is more compact and therefore more expressive than a
structural diagram with unlabeled arrows,

• state machine approach is much more disciplined than classic CECA, which uses
guidelines rather than strict rules, leaving a lot of space for experience and style,

• condition-action duality is supported and enforced at the level of the state machine
notation, while for structural diagrams it is only a modeling convention,

• state machine model may be minimized in a systematic way, with the states and
logical conditions processed algorithmically,

• model correctness may be verified in a more orderly way than for structural model,
by checking logical coherence of the conditions,

• transitions labelled with same conditions indicate synchronization points between
concurrent processes reflected by particular state machines in the model,

• synthetic description of the harmful processes may be extracted from a state
machine model in the form of a regular expression.
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Weaknesses:

• state machine approach is more complicated and constrained than regular CECA,
where anything considered a disadvantage may be included in the model,

• proposed theoretical model uses several unintuitive concepts, like many states being
current and active at the same time [7] – structural CECA modeling is easier,

• the procedure for creating state machine CECA model from scratch has not been
devised yet, so that for now the structural model has to be built first.

Opportunities:

• explicit references to transitions allows the analysts to focus on the configurations of
conditions in time, possibly inspiring new solutions – e.g. desynchronizing events,

• state machine approach is well known in the IT and other engineering areas, which
increases chances of successful communications with specialists in these areas,

• existing state machine notations and tools facilitate automatic processing of model
descriptions (e.g. extraction of the regular expressions).

Threats:

• structural CECA method have been used and taught within TRIZ community for
decades, hence the current demand for a new approach seems to be relatively low.

6 Example

We will use the sample CECA diagram discussed previously in [7]. As shown in
Fig. 6, the original graph with 24 nodes and 24 edges is firstly converted into a state
machine with 14 states and 14 transitions. Then the three AND-states are removed, as
described in Sect. 3, yielding 11 states and 11 transitions. Finally, the conditions are
mapped onto single symbols for obtaining state machine description in the linguistic
form: c1 ! a; c2 ! b; c3 ! c; c5 ! d; c7 ! e; c1c6 ! p; c3c4 ! q; c7c8 ! r.

The regular expression representing all scenarios leading to a given target disad-
vantage may be found by indicating the state reflecting this disadvantage as the accept
state and checking the paths from all the initial states (reflecting the root causes). The
regular expression representing all the harmful processes, obtained by aggregating the
expressions found for all target disadvantages, reads as: “p + bp + cp + a + qe +
qr + dr”. This representation indicates 7 different scenarios generating the target dis-
advantages after encountering 1 or 2 specific combinations of conditions within each
scenario.
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7 Summary and Further Work

We have recalled the previous research on state machine CECA modeling and
extended the results by indicating additional diagram conversion rules, as well as
introducing and discussing two new topics: state model minimization and its linguistic
representation. We have also compared the state machine model with the classic CECA
diagram.

As can be seen in the example and the preceding sections, the linguistic approach
focuses on the transitions and seems to neglect or ignore the intermediate disadvantages
inherited from the original CECA diagram in the form of states reflecting interactions.
This is an interesting intensification of distinguishing interactions and conditions in the
model. To analyze it in a systematic manner, we will start with a short summary:

• the states in the state machine CECA model reflect actions and transitions reflect
conditions required to progress the “harmful processes”,

• the initial states reflect root causes (they are always active, such as gravity or law)
and terminal (accept) states reflect “final products”, i.e. target disadvantages,

• the states model how the things are going or may be going – i.e. existing or future
harmful interactions between the components of the system or its super-system,

• the transitions indicate which operations, in what order and upon what conditions
will produce particular target disadvantages.
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Fig. 6. Sample CECA diagram (a) and equivalent state machine diagram (b) as described in [7].
The same diagram with removed AND-states introduced during conversion (c) and transformed
into form usable for linguistic approach (d). States representing target disadvantages are
annotated with respective regular expressions.
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Using this allegory of a production process, we may continue with the following:

• all the intermediate states jointly describe the “production means” or capabilities of
the “factory” – which seems to fit in well with the harmful machine concept,

• the sequences of transitions form “prescriptions” or “instructions” for using these
capabilities to develop respective target disadvantages,

• distinguishing capabilities (states) and instructions (transitions) looks very much
like the hardware-software duality of the computer systems,

• regular expressions extracted from a state machine CECA model provide compact
and complete representation of these instructions.

The success of the computer technology comes to a great extent from the ability to
change the operation of the programmable hardware by changing the software solely.
And therefore it presumably makes sense if we first focus on the “harmful program”
controlling the behavior of the harmful machine, as it might be easier to introduce
changes in this layer, rather than changing the machine itself.

The traditional approach to system improvement employs elimination of the key
disadvantages. The enhanced perception of the logical conditions and time relations
seems to open a wider perspective. Perhaps in addition to removing something from the
model it is possible to get rid of the target disadvantages by changing some transitions
as well? Maybe we could desynchronize some interactions in particular harmful pro-
cesses or change their order of appearance or implement self-blocking or cross-
blocking between the processes?

These questions indicate that the area for future research regarding the state
machine approach and condition-action duality in cause-effect analysis is extensive. It
would also be interesting to coordinate this work with other CECA-related activities
[13, 14].

Acknowledgments. Author gratefully acknowledges Dr. Oleg Abramov for inspiring discus-
sions regarding the CECA method and its extensions. Mr. Dariusz Burzyński should be credited
for his linguistic support.
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Abstract. Companies specialized in software development services and soft-
ware outsourcing have adopted agile methodologies such as SCRUM and
Kanban to drive the software development process. Along time, experts have
introduced new methodologies that enhance agile roadmaps with lean patterns
and design thinking tools. Despite the value added brought by aggregation of
agile with lean and design thinking, the integrated methodology is still fuzzy at
operational level. There is no scientific demonstration on the most appropriate
way to alternate the steps of agile with those promoted by lean innovation and
design thinking. This niche of opportunity is investigated by this paper. Con-
flicts and barriers generated by aggregation are treated with TRIZ. Inventive
solutions are proposed to optimize the agile-lean-design thinking (ALDET)
software development process considering a life-cycle perspective. Gaps iden-
tified in ALDET are additionally tackled with TRIZ and new tools of compet-
itive engineering, including TRIZ contradiction matrix for software, are
embedded within the optimized ALDET to enhance its potentiality. The
methodology is called Competitive ALDET or CALDET. Its effectiveness was
tested in a real project. Preliminary results demonstrate that CALDET provides a
clearer and smoother path for project management, reduces ambiguities relative
to traditional ALDET methodology, and increases the impact of outcomes to the
user. By tackling conflicts in an iterative manner, CALDET avoids re-analysis
and re-coding in software development, too. The presence of value engineering
tools within the framework of CALDET reveals additional spaces of innovation,
both technical and project management related.

Keywords: TRIZ � Conflict � Software development � Competitive
engineering � Lean innovation � SCRUM � Agile � Design thinking � Qualitative
optimization

1 Introduction

Software products and systems are characterized by complexity and invisibility [1].
These characteristics induce significant challenges for designers and especially for
users to articulate how the system should look like from the early stages of concep-
tualization and development [1]; in contrast, for example, with a house project.
Therefore, in software development, waterfall project management methodologies [2]
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have been replaced in the last 15 years by more adaptive approaches, based on the
paradigm “prototype-test-evaluate-learn-refine” (PTELR); the spiral model [2]. PTELR
approach was actually encompassed into a new philosophy of software development
some 20 years ago, under a set of 14 principles called “agile manifesto” [3]. These
principles have been then deployed by experts into some practical project management
methodologies, known as agile methodologies [1, 3, 4]. They incorporate frameworks
such as SCRUM and Kanban [1, 4, 5] to assist developers in responding to uncertainty
and unpredictability in building up new software systems.

In SCRUM, software systems are developed in small shippable increments that can
be assessed by users very early in the development process, and all necessary
adjustments, improvements and new ideas can be thus incorporated into the system in
due time [6]. Every incrementing stage is called “sprint” and lasts about 2–4 weeks,
with reviews at every 24 h, where both development team and system owner are
engaged [6]. The schematics of this process is shown in Fig. 1. Kanban, another agile
methodology, differs from SCRUM in several aspects such as: changes are accepted
any time, working cycles follow the workflow, it does not use a backlog pool and it
does not include roles, etc. [1].

Based on the same principles as agile methodologies (i.e. uncertainty and fuzziness
in defining solution in the early stages, continuous discovery by prototyping and
testing, steering implication of users in co-creation and feedback), new technology
driven innovation adopted a lean approach in the last decade [2]. In lean innovation,
every phase of evolution involves a spiral model of gradual prototyping and pivoting of
solutions by testing hypotheses and adjusting them from the feedback received from
the end beneficiaries [7, 8]. Thus, the main phases of lean innovation - meaning insight,
problem understanding, solution formulation, and business model design - are tackled
in a progressive way, with gradual prototyping and pivoting, with rapid learning and
refining of solution, such as to avoid perpetuation of non-value added issues. One
might see that between agile development and lean innovation is a strong synchronism.

Fig. 1. SCRUM framework in agile software project management.
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The graphical visualization of lean innovation is shown in Fig. 2. In addition, a
third paradigm in new product development has gained in popularity in the last decade;
that is, design thinking [9, 10]. This design model emphasizes on close collaboration
with the end users during the development phases of a new product, starting with the
process of need investigation, continuing with a deep understanding of users from
multiple perspectives (roles), and then following an incremental process of solution
formulation by looping ideas and prototypes in close collaboration with beneficiaries of
solution [10, 11]. From the perspective of gradual prototyping and deep involvement of
users in the design and development process, design thinking paradigm has many
philosophical commonalities with agile development and lean innovation. An illus-
tration of the main phases in design thinking model is shown in Fig. 3.

Some researches have seen in the conceptual similarities of the three paradigms
(agile development, lean innovation and design thinking) an opportunity to investigate
the value added by combining them into an aggregated format. Hybridization of more
frameworks is not a new approach in engineering. However, besides the benefits of
bringing the strengths of each individual model, hybridization might come with some
drawbacks, too, such as fuzziness of integration, more steps and higher complexity.
Therefore, an important aspect of hybridization is to significantly incline the balance in
the favor of benefits with respect to sacrifices. The second aspect is to refine the
hybridized solution such as all conflicts brought by aggregation to be eliminated. The
third aspect is to define a smooth framework from the combination of the individual

Fig. 2. Lean innovation methodology.

Fig. 3. Design thinking methodology.
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concepts; otherwise, the adoption of the new model would not happen. The fourth
aspect is to identify potential gaps or drawbacks in both the individual and the
aggregated models and to complement them with new concepts (note: if they are
available or possible to be discovered).

Thus, this paper continues with a synthesis of existent research contributions in
combining the three concepts: agile, lean and design thinking. Value added and lim-
itations of current results are highlighted in the background section. The third section of
this paper introduces a roadmap for systematic analysis of the three concepts in order to
discover areas with potential to set up an improved model of integration. Based on the
conclusions obtained from roadmap application, a new model that integrates agile with
lean and design thinking is formulated. Besides integration, the model is enriched with
new tools for better handling product development, considering the necessity to tackle
conflicts and to master value (i.e. the ration between impact and effort). The paper ends
with findings from the application of the new model in a software project and with
conclusions.

2 Background

In order to investigate the state-of-the-art on integrating lean, agile and design thinking
methodologies in software development, several databases have been consulted: Web
of Science, Scopus, Springer Link, IEEE Explorer, and Emerald. In addition, Google
Scholar has been consulted. Searching process included combinations of “agile AND
lean AND design thinking”, as well as “TRIZ AND agile”, “TRIZ AND lean AND
agile”, “TRIZ AND design thinking AND agile”, as well as all these combinations with
the additional keywords “software” and “project”. After cleaning up information, the
relevant papers selected for deeper investigation are introduced in the section “Ref-
erences”. An important conclusion is that the majority of scientific papers on this topic
are published in proceedings of international conferences or books with selected papers
from international conferences. Another conclusion is that researches about combining
lean and agile, or agile with design thinking are relative recent (not more than 8–9
years), whereas researches about the combination of the three concepts are quite recent
published (in the last 2 years). Maybe, this is also the reason that only very few papers
on this topic are present in the cited databases. Explicitly, only two research groups
have published methodologies that integrate all three concepts [12–14].

Another important ascertainment in relation to the state-of-the-art is the fact that
inventive problem solving and TRIZ are taken into account to improve the agile
methodology in software development. Recent researches are reported in this respect,
with representative results published in [15–17]. In closing the remarks on the
searching process about the state-of-the-art relative to the subject under consideration
in this paper, it makes sense to highlight the publication of researches that reflect
integration of inventiveness in requirements engineering [18]. This element indicates
that the early stages of either agile, lean or design thinking methodologies would
benefit from structured innovation methods and tools.

Because various aspects of the combination between agile and lean, or lean and
design thinking, or agile and design thinking have been analyzed also in relation with
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the integration of all three into a hybrid concept, it makes sense for the purpose of this
paper to elaborate more on the findings currently obtained about the combination
“agile-lean-design thinking” as a methodological approach to tackle software projects.
The first group of findings comes up from the works [12] and [13], belonging to the
same researchers who developed the methodology InnoDev that combines the three
paradigms. Their analyses show that an integration of SCRUM practices with design
thinking flow and lean innovation could be favorable. Their conclusions are actually
based on perceptions of practitioners, as these have been extracted from a represen-
tative market survey. However, as the authors of this research highlight, the InnoDev
model is only developed at the conceptual stage, with no validation in some projects.
Thus, the current researches from papers [12, 13] cannot precisely articulate where and
how the integration of agile, lean and design thinking should effectively happen at
operational level, in which points methods, tactics and techniques are actually involved
in the methodological flow. Nevertheless, besides the value added brought by these
researches with the findings from market surveys, works from [12] and [13] indicate
how the integration of agile, lean and design thinking would look like. It is a three-
phase model, as indicated in Fig. 4. InnoDev introduces design thinking tools in an ad-
hoc manner where blockers occur in relation to product development. Sprint and
backlog concepts from agile/SCRUM are used in all project phases to plan and tackle
activities, in order to provide transparency and to move forward while staying flexible
to change requests.

According to InnoDev model, in the “Design Thinking Phase” only the vision to
the problem is defined. The refined vision and the proof-of-concept (or minimum viable
product (MVP)) realization are encompassed in the “Initial Development Phase”
[12, 13]. In this second phase, concepts of user interfaces are designed and tested,
technology stacks analysed and tested and the most important features are implemented
in order to ensure a tangibility of the concept (e.g. viability, desirability and feasibility)
[12]. In the “Development Phase” MVP is tested and continuously expanded towards
the final solution, following the cycle “measure-learn-refine” or even pivoting [13]. By
investigating the InnoDev model with over 60 SCRUM experts during 6 workshops,

Fig. 4. InnoDev model for lean-agile-design thinking integration in software development
(adapted from [12]).
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our conclusion is this model is still confusing, because in the vast majority of cases
during the mentioned workshops, the impression was that the model can be reduced to
the last circle from Fig. 4. This means that the first two phases of the model are seen
only stages in the agile model, where design thinking tools might be considered within
the sprints of the agile methodology. Moreover, the InnoDev model was compared by
the consulted SCRUM masters with the model proposed by Gartner [19], which is
illustrated in Fig. 5. Experts see the Gartner model and InnoDev model identical with
respect to what it is called “customer problem definition” (phase I in InnoDev), but still,
the lean startup phase is not well articulated in both InnoDev and Gartner models, as
long as it simply looks like a depiction (for visualization purposes) of a sprint within
the agile methodology.

Fig. 5. The Gartner model of the combination agile-lean-design thinking paradigm (source
[19]).

Fig. 6. The Converge model (adapted from [14]).
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Another model that combines the three concepts (agile, lean, design thinking) is
proposed in the work [14], under the name Converge. The authors indicate that this
model is based only on empirical observations, and the combination of the three
paradigms was experimented with a group of students over 8 weeks-project lab to
develop a homonymous data storage app [14]. This research suggests that combination
of the three concepts is productive in comparison with traditional software project
management methods, but it cannot precisely indicate where, and why, this combi-
nation brings better results. The graphical representation of the Converge model is
shown in Fig. 6. The quality of this model stands in the fact that it better visualizes the
lean innovation as part of the sprints within the agile methodology. In terms of design
thinking, the Converge model does not differ from InnoDev or Gartner models,
because, as in those cases, design thinking is seen as the initial phase for project
inception and included, where necessary, within the lean innovation loops.

However, the challenge with respect to all three models analyzed in this paper is
around the capacity to master the lean concepts within the agile procedures. Lean is
also about avoiding waste generation, not only about avoiding waste perpetuation and
accumulation. Here, two important paradigms are seen important and not yet explored:
(a) structured innovation (TRIZ and ideality), and (b) competitive engineering (value
engineering, value analysis and value innovation). Researches of the authors of this
paper on refining the agile-lean-design thinking model, as well as on improving its
effectiveness by integrating the two additional paradigms in the model, are introduced
in the subsequent sections of this paper.

3 Research Methodology

In order to improve the practical value of current models that combine agile with lean
and design thinking, the first step in the research roadmap was to tackle the issue of
fuzziness of the aggregated models proposed in the literature. In this respect, the first
principle of the SAVE method was considered [20]; that is, the resonance principle.
According to this principle, the goal is to harmonize the three concepts. To solve this
problem, the following generic research approach was revealed: (a) do not consider
combination of concepts, but rather creation of a new concept (model) that takes the
best of the individual concepts and organize them into a value generation stream
(b) depict all the three concepts (agile, lean, design thinking) along the whole life-cycle
of a project in order to visualize them at operational level and see where they superpose
(are similar), complement each other and where they are in conflict; (c) for the cases of
superposition, keep only one of the three concepts, for the cases of complementarity
add to the new model those practices, and for the cases of antagonism use inventive
problem solving tools to fix the problem (e.g. TRIZ contradiction matrix [21]).

In order to best organize the modules generated from the first step of the research
methodology, AIDA method is considered [22]. It can quantify the best arrangement
from a set of possible (logical and viable) arrangements of modules. The next step is to
investigate the selected arrangement (called ALDET: agile-lean-design thinking) for
discovering gaps in terms of effectiveness and efficiency. The reference for gap
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identification is the paradigm of ideality from TRIZ [21]. In the case of software
systems, ideality is related to complexity. The less complex the systems, the closer they
are to ideality.

The ideal architecture for a software system is the one that includes completely
independent elements (modules), where each element performs a single function. In
such an ideal architecture/design the system complexity is minimized. Thus, from the
ALDET perspective, the goal is to avoid generation and accumulation of complexity in
both project life-cycle and product solution. To solve the conflict between dynamicity
and complexity, TRIZ suggests application of asymmetry by more pivoting, concurrent
development, fast-preplanning, and discard and recover resources.

To master value in system development from the perspective of lean philosophy,
within the research methodology we opted for considering competitive engineering
paradigm. This paradigm embraces things from concurrent engineering, lean six sigma,
design for six sigma, and quality function deployment and it can be synthesized under
the framework from Fig. 7.

By means of the same approach indicated in the first step of the methodology,
competitive engineering can be captured in the ALDET model. The result is called in
this paper CALDET (note: Competitive ALDET). The next section of this paper
highlights the main findings from the application of the proposed research methodology.

4 ALDET and CALDET Models

The three methodologies have been depicted into smaller steps within the main phases,
according to the recommendations of the proposed research roadmap. By analyzing
similarities and differences, the key finding in this stage of investigation was that the

Fig. 7. Competitive engineering methodology (authors’ synthesis).
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three paradigms do not actually differ too much in practice and in philosophy, excepting
the fact that each paradigm uses a different language because each of them has a different
source of origin. Agile sprang from the world of software industry, lean has the source of
inspiration in lean production and uncertain market management, whereas design
thinking comes up from the world of designers and creative industry. Thus, this stage of
the research led to a set of information that are summarized in the following Table 1.

As Table 1 indicates, integration of the three paradigms requires either to select one
path of the three in the conflicting areas or to solve conflicts in an inventive way. In
essence, the following conflicting problems occur:

• start fast with what you have at the first glance and then adjust during sprints vs.
spending a bit more time in the very early stage for mapping and planning users

• fix the solution at a certain stage of progress for consolidation and avoidance of
complexity vs. accept change requests even in the very late stages of the project

With the support of TRIZ contradiction matrix, the problem above can be for-
mulated as: speed versus reliability and adaptability versus complexity. For the first
case, TRIZ suggests the following generic measures: moderation in advance, change
the concentration of state and/or flexibility, dispose something expensive with several
inexpensive elements, and introduce a softer approach. For the second case, TRIZ
indicates the following generic actions: reconfigurable construction, interchangeability,
expansion and contraction, as well as introduction of softer approaches.

Generic measures/actions have been translated into the following practical solu-
tions: (a) any project will start with a time-boxing session where a task-force with
representative of all stakeholders in the project will accelerate the formulation of a
robust vision and a critical mass of specs; (b) besides the every morning session of
15 min. in the sprint framework, a mid-week ideation & co-creation session is included
(including a platform for idea management, too); (c) technical development should

Table 1. A view of agile, lean and design thinking by superposing their operational layers.

Design thinking Lean innovation Agile management

Similarity Iterative prototyping
Periodic testing
Measure results
Learn and refine
Empathize with users
Define problem
Co-creation
Ideation
Feedback loops
Develop

Progressive prototyping
Phase-gate testing
Measure results
Learn and refine
Identify opportunities
Understand users
Co-creation
Conceptualization
(No explicit step)
Develop

Sprint prototyping
Sprint-framed testing
Measure results
Learn and refine
(No explicit step)
Backlog initiation
Product owner
Brainstorming
Backlog updating
Build

Complementarity Jump-back loops Pivoting Sprint framework
Conflictuality Deeper user planning

Choose and focus
Early user mapping
Concurrent design

Rapid solutions
Late change requests
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consider in coding and architecting the core principles of reconfigurability for every
sprint-related shippable prototype, i.e. modularity, convertibility, customizability,
interoperability, scalability, portability, decoupling and avoidance of software asym-
metry; (d) various tools and sessions can be added or eliminated in the context
(e.g. application of various paths and means for problem formulation, ideation, etc.).

With these completions added to the elements from Table 1, and selecting only one
perspective for those elements that are similar in the three models, the set of stage-gate
elements of the ALDET model comprises: (e1) empathize with users, (e2) backlog
initiation driven by user understanding, (e3) co-creation, (e4) sprint prototyping, (e5)
sprint testing, (e6) measure results, (e7) learn, (e8) refine, (e9) ideation, (e10) backlog
updating from multiple loops, (e11) build, (e12) sprint, (e13) pivoting, (e14) jump-back
loops, (e15) time-boxing session, (e16) daily sprint session, (e17) mid-week
ideation/co-creation session, (e18) reconfigurability-driven design and coding, (e19)
flexible selection of tools. For every element from the set of 19 elements that can have
more options, AIDA causality analysis was taken into account [22]. For exemplifica-
tion, the selection of the best option for the element “co-creation” is shown in Fig. 8.
The analysis criteria, also called constrains, are for this case the followings: (a) avoid
complexity; (b) increase productivity; (c) reduce waste; (d) increase convergence. The
options for “co-creation” are: (o1) application only at the early stage; (o2) application
once in each sprint; (o3) application each mid-week session; (o4) application in each
testing phase; (o5) inclusion of o1 and o2; (o6) inclusion of o1, o2, o3 and o4.

o1 o2 o3 o4 o5 o6
a 3 2 3 2 3 1
b 3 2 2 1 2 1
c 3 2 1 1 2 1
d 3 2 1 1 2 1

a b c d
o1 3 1 1 1
o2 2 1 2 2
o3 1 1 3 3
o4 2 1 2 2
o5 2 1 2 2
o6 1 1 1 1

o1 o2 o3 o4 o5 o6  Σ C/6
a 9 4 3 4 6 1 4,5
b 3 2 2 1 2 1 1,8333
c 3 4 3 2 4 1 2,8333
d 3 4 3 2 4 1 2,8333

Σ Ο/4 4,5 3,5 2,8 2,3 4 1

Step 2: influence of options on 
constrains

Step 1: influence of 
constrains on options [1 -
low, 2 -medium, 3-high]

Step 3: products 
of coefficients 

from step 1 and 
step 2

Fig. 8. Exemplification of AIDA to identify the best option for the element “co-creation”.
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According to the results from Fig. 8, option (o1) “application of co-creation only at
the early stage” is selected. The result is counter intuitive. This indicates the usefulness
of applying structured methods of analysis in the conceptualization process of new
methodologies. The same approach has been applied for the rest of the 18 elements. At
the end of this process, the necessary information to formulate the ALDET model was
revealed. The result is shown in Fig. 9.

ALDET model starts with the “empathize” phase in order to identify opportunities,
and continues with a rapid development procedure (time-boxing session) to understand
users and define a mature vision. Then, the backlog is fed with the critical mass of
information. Before project starting, a co-creation hackathon is included. Simultane-
ously, the rules for reconfigurable design and coding is run. From this point, the first
sprint is started. Each sprint comprises, besides the traditional elements, the continuous
enhancement of the toolkit and selection of the most appropriate tools for the specific
sprint, as well as the individual ideation and the mid-week session for collective
ideation and co-creation. The iteration loop adds to the traditional agile process the
stage of pivoting if lessons indicate this necessity. New to the model is the circuits of
feedback loops (highlighted with dashed lines in Fig. 9).

Fig. 9. The ALDET model.

410 S. Brad et al.



The upgraded version of ALDET results at the intersection of ALDET with
competitive engineering. The enhanced ALDET is called CALDET and its framework
is illustrated in Fig. 10.

CALDET goes deeper to master value quantification and management, and to speed
up convergence to a mature solution by considering constrains and conflicts for inno-
vating in a systematic way during spring progression and iterations. In addition,
CALDET considers a loop for deeper investigation of users, which is simultaneously run
with the main loop of ALDET. To handle value, this paper recommends the use of value
analysis matrices (e.g. QFD, relationship matrices, etc.). This aspect is not treated here.

The next section introduces the feedback collected from a team which applied the
CALDET model in a software project. The focus of the following section is on team’s
experiences and impact in using CALDET, rather than on illustrating the results of the
project, which is less relevant for the purpose of this research.

5 Experimentation and Discussions

In this section we describe the experience of employing CALDET in a project called
InnDrive, dealing with the development of a software tool dedicated to start-up
entrepreneurs, in order to evaluate the innovative potential of their business ideas,
execution maturity and capacity of the their teams.

Fig. 10. The CALDET model.
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The initial definition of the scope for the software tool was based on a systematic
assessment of the challenges confronting the start-up team members involved in early
stage innovations, with a particular focus on innovative projects having an IT com-
ponent. Engaging with early stage entrepreneurs and start-up team members, con-
ducting interviews and structured assessments on the knowledge and readiness levels of
the subjects, the innDrive team concluded that there is a clear need for a tool that can
assist the start-up founders to evaluate and refine their understanding on all dimensions
of the new business, identify the weak points in their plan and the aspects where they
should focus, gain knowledge or put more work.

The entire project was strictly confined in the calendar and in the budget determined
by a grant. Thus, the innDrive team had to handle the project in the given time and cost
and to make ready for the market a product that is both useful and competitive.

According to CALDET methodology, observation of entrepreneurs in various
scenarios was the first challenge. This process was conducted with contextual inquiry
interviews. One-day workshop can generate a significant amount of information, with
clear advantage on calibrating the task-force team and the key subjects to be discussed
during the time-boxing session. Time-boxing session was organized within two
meetings, each meeting of 4 h, with several inter-disciplinary working teams (devel-
opers, researchers, consultants, mentors, entrepreneurs) operating in parallel to extract
needs, functional specifications and candidate technologies. It was proved that, by
calibrating the time-boxing in this way, sufficient information have been collected such
as to feed the backlog to a critical mass of elements for starting the sprint processes.
Co-creation in this project was directed towards getting suggestions for GUI, how the
help module to be designed and what content to be included. Here experts, consultants
and end users collaborated in a face-to-face session, continued by a collaborative work
on a web platform dedicated for such purposes.

In parallel with the time-boxing session and co-creation session, innDrive team
experts conduced a systematic analysis of the problem using the Job-To-Be-Done
(JTBD) method in order to reveal processes in start-up evolution, outcomes, which
outcomes are underserved by current means and tools, and to extract relevant specs for
feeding the backlog. It is important to highlight the fact that, by simultaneously feeding
the backlog with information generated from two different streams (JTBD and time-
boxing), is essential in CALDET (both for reciprocal confirmation of the work per-
formed and reciprocal support with sources of information).

The refinement process of data generated with JTBD actually continued even after
the first sprint started. This is a powerful element of CALDET, because it allows to
update the backlog anytime, with quality inputs, keeping no huge pressure on the pace
to which data and info are generated. Another powerful element in CALDET is the
package of rules to design and code based on reconfigurability rules. This input can be
actually done outside the scope of a given project, as a good practice in the company.
Once the know-how is present, it can be instantaneously deployed to any new project.
Nevertheless, CALDET suggests to revisit these rules in the early stage of any new
project, just to see if not new elements would be necessary for every particular project.
This work is concurrently done with the co-creation process, it is run by the technical
stuff, and it uses inputs from the backlog foundation stage.
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In this particular project, sprints were calibrated at a two-week cadence. Another
key strength of CALDET revealed in the project was the mid-week sprint session for
ideation and co-creation, where various representatives of all stakeholders have been
involved. The key finding in this process was the fact that, not the same representatives
of the stakeholders have to be involved over the whole project duration. By introducing
new representatives, the project gets new perspectives and proofs the capacity of fast
understating and adoption by the new comers. Thus, in this project, entrepreneurs from
both local ecosystem (i.e. Cluj-Napoca city) and international ecosystems (e.g. EU and
non-EU countries) have been involved in various sprints. In the particular case of the
InnDrive project, major contributions from the stakeholders during the mid-week
sessions, with visible effects on the project’s speed, were on clarity and relevancy of the
content embedded in the developed tool, GUI’s usability and intuitiveness, as well as
functional details of the platform.

Another key elements of CALDET, which indicated its effectiveness in the project,
were the value mapping step and problem solving step. Both are activated to treat the
results of every completed sprint, in parallel with the run of the next sprint. For value
mapping, a QFD-based matrix was used, but in a dynamic way (meaning that inputs
and outputs in the relationship matrix can be changed any time). Value mapping
created alarms for developers to handle sprints in a more innovative way, especially in
relation with the ideation stage within the sprint. Value mapping creates a pressure on
developers to achieve a certain level of performance in a given, justified, budget. This
pressure was actually proved to be the engine for the TRIZ sessions within the
incremental loops of CALDET. For example, one issue was in relation with the
quantity and type of info to be included in the help module related to each assessment
criteria. TRIZ was applied in this case such as: reduce the “amount of substance”
without affecting “capacity”. TRIZ indications are: reconfigurable construction, make
the module more movable, design a heterogeneous construction such as to increase the
local quality in a dynamic way, and/or dispose parts which are not anymore relevant.
With these indications, the system was designed such as the “help module” to start with
a info-graphic schematics and then to be continuously enriched with data, info,
examples relative to each issue/assessment criteria by any contributor in the platform,
anytime, under a control for uploading content in the system. Inputs can be added into
modules that can be afterwards interlinked, added, enhanced or eliminated. It works
like a living organism.

Pivoting stage of each iteration proved to be another strength of CALDET
methodology. For the first rounds of sprints, the innDrive team used the pivoting stage
only with start-up entrepreneurs and experts in mind. Once the innDrive system
approached the minimal viable product (MVP) state, engagement was directed towards
start-ups outside the focus group, including various organizations from various coun-
tries involved in the evaluation, mentorship or financing of start-ups, even incubators,
accelerators, venture capital funds, innovation program management units at national
level, management authorities of public financing programs, innovation management
units in the private corporations, bank managers responsible with the evaluation of
credit requests targeted to support new business projects, evaluators of calls for grants.

This massive engagement revealed new patterns that determined innDrive to pivot,
both in how it supports various types of users and in the business approach. The major
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discovery was that start-ups that were approached with a more mature application and
were not involved in the development process lacked the discipline to conduct the
complex assessments by themselves, although invariably they expressed initial
enthusiasm. The novelty and level of focus required by conducting a self-assessment
based on the platform determined a staggering level of abandon, of 70–80% of the
subjects. Off the other actors in the ecosystem that were engaged, the strongest positive
reaction was obtained from the program managers who are facilitating or managing
start-up funding and mentorship programs and they were very eager to implement the
innDrive system into their programs, once it is optimized to support the mentorship and
coaching interactions in the application itself.

As result, the innDrive team had to redesign the functional workflow, introducing
the roles of program managers and mentors/coaches, and giving to those roles the
possibility to initiate, assign, and evaluate project assessments in relation with the
entrepreneurs and to develop and follow action plans resulting from the reports gen-
erated from the assessments. At this level, CALDET proved to show another strength,
meaning reconfigurability-driven design and coding style. It was easy in the forth-
coming sprints to make the necessary modifications without a big effort and in due time.

The entire development of innDrive was finished in time and in budget, preserving
the initial scope of assisting start-ups and project teams in assessing their capacity to
sustain the project, while introducing a strong emphasize on the assistance roles and
focusing the commercial focus of the innDrive project towards the managers of venture
programs.

6 Conclusions

This paper introduces researches conducted to understand the state of scientific pro-
gress on integrating sectorial models for managing innovative software projects (agile,
lean, DT) into hybrids, with the purpose to bring the capacity of handling complex
projects to an upper level. Three models (InnoDev, Gartner and Converge) have been
analyzed in this respect, concluding that many empty spaces are present in doing
integration and thus, opportunities for further researches are envisaged. The key
findings about the state-of-the-art were the fuzziness of integration on one side, and the
incapacity to demonstrate the effectiveness of the integrated model (e.g. why to follow
the proposed stream of actions in that order and not differently) on the other side.
However, from the three studied models, our researches conclude that Converge is
better equipped, even if some drawbacks are signaled in this case, too, such as the
justification of fully application of design thinking in every loop of lean innovation.
Our investigation on this issue with SCRUM masters indicates a rejection in practice
rather than adoption, because of time consumption that affects sprints and because it is
not clear how to, for example, apply all steps of design thinking in a late loop of lean
innovation.

Reflecting on the current state of developments with TRIZ tools, this paper intro-
duces a model called CALDET that claims advantages with respect to previous models
because it avoids redundancies between the integrated concepts, orders the steps in a
justified way (due to the use of quantitative tools to prove this) and cleans the roadmap
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from fuzziness because the model not just integrates agile, lean and design thinking,
but rather embeds them into a new flow that comprehends the best of the three sectorial
approaches. Beyond these aspects, the novelty of CALDET comes also from the
inclusion of the fourth concept; that is, competitive engineering, offering on this way
tools to measure value in the lean approach and to reveal the relevance of structured
innovation in any iteration of the agile flow. Even if up to this date CALDET was
tested only in a single project, it proves to be very effective, encouraging the research
team to continue investigating the model. In this respect, future researches will be
conducted to enrich the model with refined templates at each stage, and especially to
deepen investigation on the stage referring to reconfigurability of code, because this
will bring a huge advantage in agility, especially when pivoting is involved.
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Abstract. With the aging of the population, old people increasingly wish to
stay at home before entering to a retirement home. There are several reasons
such as: the cost of entry, the impersonal side and the lack of solicitation as well
isolation and lack of identity are the elements that could delay the entry into the
retirement home.
In this research, we would like to focus on persons with major neurodegen-

erative disorders who would like to stay at home as long as possible. These
disorders are more and more present with aging of population, which lead us to
reflect on the future home 4.0 by permitting residents to live their activities of
daily living (ADL).
New technologies and connected objects could be the potential solutions for

designing the future home. During this study, we will identify the contradictions
that could be existed among different solution’s concepts based on functional
criteria. These criteria are proposed in parameters according to the TRIZ method
in order to propose principles of solution’s concepts.

Keywords: Usage � Multi-user � Contradiction � Design � Neurodegenerative
disorders

1 Introduction

In the next ten years, the sociological face of French society will have changed because
of ageing the population. People over 60 years old will represent a third of the pop-
ulation in 2040. People will live longer, but, with the emergence of new diseases, such
as major neurodegenerative disorders, such as Alzheimer, Parkinson, Lewy bodies
Corps, dementia vascular… [1], these pathologies differ from others as mobility dif-
ficulties or other physical disabilities.

The Neurological pathologies will have an effect on people staying at home, on
their level of autonomy, as well, on their ability to continue the activities of daily living
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[2]. People affected by this pathology have also an impact on the healthcare assistant,
that make him/her exhausted, tired and depressed.

The aim of this research is how to care these fragile people at home by identifying
the contradictions and complementarity between their needs and their hops. Hence, the
interest of this research is to adapt the home to this new situation. We will focus in this
research on the future home 4.0 [3], particularly on the needs and functional study.

2 Research Approach

Our approach in this research will be using a mix of the methods SWOT, User
Experience and functional analysis. Each method will be satisfied and answered to the
needs of our case.

The SWOT (Strengths, Weaknesses, Opportunities and Threats) method permit us
to analyze and diagnostic the current situation of resident by Strengths, Weaknesses,
Opportunities and Threats. The factors which are important role in her/his environment
both interior and exterior of home. The objective of user experience is multiple. It can
be user experience for a resident life style at home, healthcare assistance, nurses or
other person who help the resident. We will discuss for all type of users in this paper.
For example, the resident need to participate and to perform their daily activities.

She/he should use specific product, system, or services immediately in an easier
way in our case. This products, system or service must be ergonomic and applicable
immediately. The functional analysis method allows us to do study of needs for the
new home 4.0. [4], that we used it based on TRIZ approaches. Figure 1 show the
relations and needs in our methodological approach.

Fig. 1. Our methodological approach
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3 Home 4.0

3.1 Current Situation

In these days, the old French people wish to stay at home as long as possible. They
prefer to delay the time of moving to retirement home, whether alone or rally around.
Therefore, their family at home tries to innovate or have a long-term planning. They
start to modify their house or apartment, such as rearranging the bathroom (on a level)
or removing the access of rooms on the floor and preparing house on a level. Some-
times, they sell their house and by another. Therefore, they try to change their house to
have more functional and comfortable for their old person. That means they anticipate
rearranging the house depending disabilities of their old person. In the framework of
this work, it is necessary to demonstrate the way of preparing home for the old person
in order that he/she could stay at home as long as possible. It is about replacing the
user, the future resident, at home as part of his/her needs and imagine the future home
to be functional [5]. The future resident of home 4.0 could be different kind of users at
home and the user or resident in this paper is mainly the old person how will live in
home 4.0. The other users could be presented at Home 4.0 such as: a healthcare
assistant, nurse, family doctor or neighbors.

3.2 The Analyze of Current Home Based on SWOT Method

At first, we propose to perform analysis of strengths and weakness for the current home
in order to reflect on the future home 4.0. These analyses are based on SWOT method.
This assessment permits us to provide a better understanding of the resident’s interests
at home, about his/her strengths and limits and possibility to improve the house
(Table 1).

Table 1. Study of the current home from the SWOT grid

Strengths Weaknesses
- Continue to have her/his habits and activities
at home
- Social bond with friends and neighbors
- The resident is not disoriented
- The budget is lower regarding the place
- Keep his mark on the surrounding, neighbors,
friends.
- Feel more comfortable in the apartment
- The resident has self-confidence thanks to this
autonomy
- The resident could be always autonomous

- The resident is alone with an evolving
pathology and with security risks
- Less monitoring
- Monitoring is not continuous
- Isolation of the resident, anonymity
- Non-regularity of needs
- Any alerts in case of problems (fall down,
slips, or movements…)

Opportunities Threats
- Activities of daily living are not only
stopped, but also are active by cognitive
stimulation
- The resident “EXIST” and has an identity
- The effects of the disease could be delayed
- Cost of retirement home could be still saved

- Retirements homes are growing…
- There is no financial ways to renovate or
update the home
- The resident is ALONE at home
- There is no more help, in case of natural
disaster or technical problem in the building
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In SWOT method, Strengths, Weaknesses are about intern factors, in our case it is
about the situation of resident at home. The Opportunities and Threats are about extern
factor, so in our case exterior of resident’s home, means environment factors which
could have an effect on the resident.

3.3 The Future Home 4.0

The connected and automated objects will have main place in this new future home 4.0.
The objective is not setting up a hyper connected environment, but to assess the
autonomy of the resident and evaluate her/his needs as an actor for his/her daily
activities [6]. The renovated home will not only be a place to live her/his end of life in a
way just “cared”, but also, to be able as an actor to manage his/her handicaps and
degree of autonomy. Hence, the home should not just be a place to live, but, a place
where cognitive stimulation or other forms of stimulation are part of daily activities.

The type of home that we would like to design for the resident consist in being able
to stimulate activities of daily living (ADL) safely, in a way that the social bond is as
well safeguard.

Actually, in this case, there is the expertise of user instead of customer’s needs.
That means, the resident of the home is no more a customer who expects a service for a
payment, but, an expert user who knows his/her pathology through the healthcare
assistant. The healthcare assistant changes his role; she/he has to no more suffer the
effects of disease, but must anticipate its effects. The medical body does not only
provide the care or a specific service, but also, they must accompany the resident in his
activities of daily life [7, 8].

4 User Experience UX

4.1 Definition of User Experience UX

In recent years, some authors have focused on the user experience, called “user
experience (UX)” [9, 10]. This refers to the experience of a person using a specific
product, system or service. It’s about making a product, a system easy to use, under-
standable immediately, ergonomic, logical, by integrating user experience into product
design [11, 12].

In this sense, design studies must be able to identify or consider different users
according to the product’s life cycle. It is not rare to note that the product in operation
phase has several users. Designers must transform customer’s/user’s requirements into
product performance. It should be noted that the requirements of the customer are not
the same as those of user (it is the first level of contradiction). Subsequently, the
designers will have to prioritize these users, in order to better understand the features of
the product according to the type of user. The functional analysis makes it possible to
answer it.
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4.2 Different Users UX

Analyzing a need means translating the product into “Customer specifications” and/or
“User’s specifications”. The “client as user” reasons in solutions rather than needs.
When there are multiple users, we talk about multi-users. The functional analysis
approach is a response to this search for users’ needs. In our study for designing the
future home, we are looking for different types of users as showed in Table 2.

5 Functional Analysis for Home 4.0

5.1 Study of Needs

A study of need is required in order to know exactly the needs for this new home 4.0.
We propose to use the tools of study needs for functional analysis proposed by the firm
APTE. There are some questions raise in order to define the goal or objective of this
future home 4.0.

– Who does it help?
– What is used for?
– Who is it acting on?
– What does it work on?

At last, for what purpose or objective? We present in Table 3 a synthetic result of
study of needs for future home 4.0 by using the tool of cabinet APTE.

Table 2. The different users at home.

User type (UXi) User-Experience Activities

Resident at home
(different users)

UX1 Cooker Culinary activities, washings
dishes, setting the table…

UX2 Gardener Gardening, Planting, Watering…
UX3 Cleaning agent Setting the table, clearing the

table, washing dishes …
Healthcare assistant UX4 Nursing Toilet, hygiene…
Nurse and/or doctor UX5 Medical follow-up,

taking medicine
Manage medicine, perform care

Neighbors and/or
Friends

UX6 Conviviality, social
bond,

Sharing moments, tea, outing…

Relationship, family UX7 Legal guardian,
guardianship…

Guarantor against institutions

Care staff UX8 Speech therapist,
Physiotherapist…

Bridging or stimulating the
resident’s lack of autonomy
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5.2 Functional Analysis

We made our analysis form two levels: outside environment search and Service and
constraints functions. The results of our analysis from outside environment search is
presented in Table 4.

Table 3. Study of the need for the future home4.0

Who does it help? People with major neurodegenerative disorders (MND)
What is used for? Make their life easy and safe
Who is it acting on? Multi-user (patient, caregiver, etc.)
What does it work on? Daily life activities’ simulation
For what purpose or
objective?

Allow people with MND to stay in their adapted home (future
4.0) to their pathology as long as possible

Why this need exists?
(purpose, reason)

Many people will be getting old with this pathology and wish
to stay at home as long as possible. The retirement homes are
limited and do not completely respond to this new pathology

What could make it
disappear? or evolve it?

A remedy, medicine… cure these pathologies of memory
disorders

What is the risk of
disappear?

Nowadays, there is no any positive sign that appears as a
solution to fight against these pathologies

Table 4. Outside environment search

Mi Type of outside environment Description of outside environment

M1

M2

M3

M4

M5

Kitchen equipment
Gardening equipment
Mobility system
Home resident
Help team and accompanieda

Set of utensils for cooking…
Bins, flowerpots, utensils, watering can,
seeds…
Staircase, walker, wheelchair, cane
Person with MND, early stages
(pathology)
Healthcare assistant, Living Assistant
Gerontology

M6 Security ways Alarm, keys, Digi code…
M7

M8

M9

M10

Nurse, doctor, parents…
Speech therapist, Kenseishab

Hygiene equipment, maintenance
Entertainment system

Medical corps specialized in home care
Specialists in effects of pathology
Sponge, broom, washing machine,
brush, products
TV, games, books, armchair

aaccompaniment (Healthcare assistant, Living Assistant…)
bphysiotherapist

422 J. Renaud et al.



In Service functions and constraints functions levels, the results are presented in the
Table 5:

5.3 Interaction of Functional Criteria

In the Table 6, we privilege the functions and criteria related to safety according to the
different users.

Table 5. Service functions’ list or future home constraints

Fi Description of functions Criteria Cj Level Nk Flex.
Fl..

F1 The home 4.0 must allow resident to be mobile
thanks to the mobility system

Mobility
Type of material

100%
Base

Fl.2

F2 The home 4.0 must allow resident to dispose
kitchen equipment for doing culinary activities
safely

Type of material
Type of activities

Autonomes Fl.3

F3 The home 4.0 must allow resident to welcome
help team such as, doctor, nurse,
physiotherapist, neighbors, parents… in good
conditions.

Type of help
Type of reception

Pathology
Access
Intervention

Fl.3

F4 The home 4.0 must allow resident to practice
gardening activities safely

Type of activity
Type of security

Autonomous
100%

Fl.3

F5 The home 4.0 must integrate home security
systems of resident

systems
Level

100% Fl.1

F6 Home 4.0 must be adapted to receive health
personnel in order to provide personalized care
to resident

Type of access
Type of care

Free
Autonomous

Fl.1

F7 Home 4.0 must allow resident to continue the
maintenance and hygiene activities of her/his
home

Type of activities
Maintenance level

Phase 1 to 5
(illness)

Fl.3

F8 Home 4.0 must have an entertainment system
for the resident based on his degree of
independence

Type of autonomy
Entertainment type

Phase 1 to 5
(according
autonomous)

Fl.3

Table 6. Criteria’s Functions and safety according to the type of user

Functions Participant Criteria Ci

F1 Mobility Assistance Resident (without
activity)

Degree of autonomy
and Walking
equipment

C1

F2 safety Resident (without
activity)

Fonct. degree of
Autonomy

C2

(continued)
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6 Discussion

Based on different criteria, we will seek the opposition criteria or complementary
criteria, in order to find a solution, as presented in Table 7. For examples, we present
criteria that are complementary or in opposition one to another and we propose rec-
ommendations in terms of solutions. These recommendations can have a positive
impact on the choice of solutions. For example:

From the criteria resulting from the functional analysis, the question is converting
them into parameters in order to emerge contradictions among them, and find the
principles of solutions’ Concepts.

The criterion C2 (Function F2) is “Degree of autonomy”. The degree of autonomy
is specified: either total or less use of right hand or left hand (depends on the person is
right-handed or left-handed). The criterion C7 is “level of dexterity” of resident to carry
out certain cooking activities that require the use of both hands. A contradiction is:

– Either, to increase the degree of autonomy for criterion C2 by asking resident to
work in groups of two people,

– Or, to decrease the C7 criterion by looking for an ergonomic device that comes to
replace the deficient hand.

Table 6. (continued)

Functions Participant Criteria Ci

F3 Reception of health staff, friends,
healthcare assistants, parents

Healthcare
assistant, helper

Resident Hygiene
Access

C3

Physiotherapist,
speech therapist

Adequate equipment,
local,

C4

Doctor, Nurse Access, secure
medicine…

C5

Friends, parents Access, service,
conviviality

C6

F2 Cooking activities Resident Dexterity, security C7

Assistant Memory,
procedure…

C8

F4 Garden activities Resident Dexterity, time… C9

Products choice C10

F7 Maintenance activities Resident Products safety C11

handling C12

F8 Relaxation activities Resident Comfort C13

Resident Freedom of
movement

C14

Motivation of
activity

C15
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7 Conclusion

In this paper, we wanted to discuss innovative research support such as the study of the
future home in the medico-social sector. This support is topical because of the aging of
the population and the response that society will have to provide.

In answer our research problem we used a mix of three methods SWOT, User
experience and functional analysis. It is this framework we also used the functional
analysis and the beginning of the TRIZ approach. This work is a beginning of reflection
and deserves to be followed-up in subsequent studies. In the future work we work on
how to transform the functional criteria into TRIZ parameters in order to look for
principles of solutions.
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Abstract. Design in the healthcare environment is challenging. More than in
the other activity sectors, it requires to take the users (patients and medical staff)
as experts in the loop. This article will describe the bases of a new design
method integrating TRIZ concepts for the healthcare environment. A first case
study will be presented on the design of an exoskeleton specialized in the
assistance of hemiplegic patients during their re-education.

Keywords: Design thinking � TRIZ � Biomechanics � Robotic � Healthcare

1 Introduction

Designing a device that should be used in healthcare is a demanding process due to the
standards in terms of quality, security and functionality. This involves that companies
often interact lately with patients and doctors, working with them mainly during test
phases. But this tendency to rely on the company’s vision of the patients and doctors’
need for the product can create a gap between the final product and the need. This
problem becomes detrimental in public healthcare where funds and human resources
are often limited. Those resources, may they be human or financial, end up being
drained by products and projects that are not tuned to their need.

This paper will detail the design of an exoskeleton for post stroke hemiplegia
rehabilitation. Stroke is sudden shortage of the brain’s air supply leading to the death of
cerebral cells [1]. Aftermaths of such an event can lead to psychological and neuro-
logical deficiencies [2]. One of the most frequent sequels is hemiplegia, the paralysis of
one or more limb located on the same part of the body. This means that a hemiplegic
patient will not be able to move the limbs on the right or left of his body but not both [3].

The lack of control of the limbs is due to the decay of the motor control centers of
the brain which are frequently damaged during strokes. This means that the patients’
muscles are healthy and that the problem lies inside the brain [4]. The control is
damaged but not the limbs. But the brain can change its disposition, brain activity
associated with a certain function can change location. This concept is called neuro-
plasticity and is the pivot around which all the hemiplegia rehabilitation revolves
around. The therapy’s goal is to stimulate the muscles in order to trigger the brain
recovery process and heightened neuroplasticity [5, 6].
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With the rise of computer sciences, robot assisted reeducation raised from a single
paper theme to a full-on discipline and some companies have built themselves around
the design of exoskeleton and other robotic devices for rehabilitation [7, 8]. Studies in
laboratory suggest that robot assisted therapies have a real impact on the recovery of
patients, helping them recover quicker than therapies that don’t incorporate robotic
means of exercise and papers about the design of similar exoskeleton have already
emerged [9].

2 Goals

This paper investigates a new creativity and user centered design process using TRIZ
allowing the integration of patients and medical personnel in the early design phase.
Those future users of the device will be treated as experts in phases where technical
experts are normally predominant. Concepts for the actuation of limbs will be gener-
ated and will be rated in term of creativity, feasibility and pertinence in order to qualify
the pertinence of our proposition.

3 Methodology

3.1 Global Methodology of the Project

As we aim at integrating the patients and doctors in our design process, we chose to
start from the basis of design thinking, a method that already integrates the users, and
add elements in order to enhance the participation of users. The main addition to the
process will be the addition of TRIZ elements, especially the notions of ideality and the
contradictions networks. Papers suggest that the combination of the two process can
lead to a better problem-solving process [10].

Design thinking is a method that includes the experience and knowledge of the user
in the conception of the product [11–13]. It revolves around the concept of empathy,
which is the understanding of what the user knows, want and need. But it also implies
that the user should not be used solely for analyzing the problem but also during all the
steps toward the final product. The user should be a full member of the team, placing all
the steps in perspective. Another specificity of this process is the use of retroaction
loops. The idea being that the process isn’t linear but that steps should be intercon-
nected, allowing the team to go back to previous parts of the project to quickly adjust
what is needed before coming back to the current phase. This allows the team to adapt
faster if a dissonance between the device and the expressed need is detected than more
classic design method that are often reluctant on going backward.

Design thinking as defined by Stanford University can be resumed by 5 steps
expressed as actions: empathize, define, ideate, prototype [12]. During the Empathize
phase the team will discuss with the users in order to understand them, what they want,
what they know, what they need. The idea is to create an empathic bond with the users
in order to better understand the context. During the Define phase the team will define
the problematic and the need. The user is still involved and validate the pertinence of
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the team’s conclusions. It is also the phase where the team redact the specifications.
The Ideate step is the problem solving one, the team will use the knowledge gained
during the previous phases in order to solve the problems that they identified during the
defined phase. The user should be involved in the process. The Prototype phase is used
to prototype the solutions the team came up with during the previous step. Finally, the
Test step is the one when users will be confronted to the prototypes and establish if the
solutions are adequate to their problems. As the users have been heavily involved
during all the previous phases, this phase is used in order to establish the ameliorations
to the products rather than to test the adequacy to the need [14, 15].

TRIZ is a problem solving and analysis tool based on patterns of invention in
patents literature. This tool is used to analyze a system in order to identify technical
locks, establish contradictions and solve them [16]. Our goal being the integration of
TRIZ inside the design thinking process, we changed the steps to integrate more TRIZ
elements in the first three steps (empathize, define, ideate) where the impact of the
patient experience could be the most significant (Fig. 1).

This new method keeps the basic structure of design thinking but integrate TRIZ
elements in the different steps. The notion of feedback loops is still present as each step
can impact the previous one. Each step is using different experts in its process: tech-
nical experts (engineers), field experts (doctors and patients) and TRIZ experts. Not all
the experts are involved in each step. Empathize and define step involve the three types
of expert but not the ideate step that only involve the TRIZ and technical experts
(Fig. 2).

We will now explain the content of each step and how the TRIZ method is inte-
grated inside each step. As said earlier we will focus on the first three steps (Empathize,
Define, Ideate).

3.2 Empathize Phase

The Empathize step is the core of the Design Thinking method. As the problems that
need to be solved are rarely the ones faced by the design team, it is important for them
to understand who the users are, what they need and how they feel about it. During this
phase, the goal is to link with the users in order to understand and integrate their needs
and the problematics they encounter during the use of products similar to the one the

Fig. 1. Schematization of the new method
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team is designing. In medical environment, this is important as recovery processes are
difficult and put much stress on both patients and medical personnel, it is difficult for
healthy person to grasp naturally the challenges that the users face daily.

The designer is supposed to observe the user in its environment in order to
understand their behaviors and the situation. In our case study, during this step a
rehabilitation center was visited in order to better understand the rehabilitation process
and its challenges. This visit was also prepared extensively by a strong bibliographic
study in order to understand the general process first. This allowed us to confront a
more scholar approach and the reality of the process.

Then the designer should engage with the patient. They stop being observers and
start involving themselves with their future users (medical personnel and patients).
Typically, this is done by interviews that can be either by phone or in person. In our
case study, two rehabilitation team managers, a physiotherapist and a patient were
contacted for those interviews. Of all the interviewees, we only met one of the team
managers in person, all the other were only met by phones due to busy schedules. The
interviews were oriented toward the rehabilitation process, the user experience and the
use of robotic means of recovery (like the upper limbs Armeo exoskeleton or the lower
body Lokomat exoskeleton). The content of each interview wasn’t fixed beforehand,
and each interlocutor had the freedom to stir the conversation toward points they felt
were important.

Fig. 2. Illustration of the experts involved in each phase
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TRIZ was incorporated during this period by establishing a session of problem
modeling soon after the end of the interviews. The idea is to analyze the problem with a
user centered approach. 4 persons participated in the session: a TRIZ expert, an
engineer that had conducted the interviews, an engineer acting as biomechanical expert
and a designer outside of the project. The recovery process and the already existent
exoskeleton were analyzed, focusing on the actuation of the limbs. But after discussing
about the user experience, the session moved toward problems that were more in touch
with the user’s problems and we end up focusing on the hip articulation and the patient-
exoskeleton interfaces. TRIZ allowed us to identify more easily the priorities and
moving swiftly toward more primordial problems while keeping in mind the user
experience.

3.3 Define Phase

The Define step is centered around the definition of the problems and the expressions of
the goals. In engineering processes, it can be linked to the redaction of the specifica-
tions. The idea of this step was for us to use the knowledge and experience gathered
during the previous step in order to structure our project and the idea of the product.

We wrote the specification for our product and while doing it we also established
contradiction models for future TRIZ sessions. In order to keep the users (patients and
doctors) in the loop we shared the specifications and contradiction models with the
users that helped us during the Empathize phase. Doing this we established a link
between the users and the technical team that allowed us to keep the user feedback and
integrate it inside our work.

The idea being that we expressed to them our vision of the exoskeleton and the
rehabilitation while translating the specifications in terms that people with no technical
background could understand. Our contradiction problems evolved from the feedback
as the medical personnel could establish parallels between their knowledge and the
technical models. Certain problems that we expressed became irrelevant as the phys-
iotherapists counterbalanced it during sessions while other things that we judged the
responsibility of the medical team became specifications for the exoskeleton.

3.4 Ideate Phase

The Ideate phase is the time to generate ideas and solutions that respond to the problem
defined during the earlier steps. In our case study, the participants consisted of 2
automations specialists, 3 biomechanics specialists, an ergonomist and a product design
specialist. The team was gathered for a 3-h session. During this session, the results of
the previous step were used in order to explain the problem to the participants. During
the Empathize phase we used TRIZ to analyze the problem, the result of this was used
during the Define phase to establish contradictions and problematics models. These
models were presented and explained to the participants of the session as well as some
notions of TRIZ (ideality, principle of final ideal result and contradiction principle).
The participants used this in the ideation part of the session in order to generate
concept.
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The session consisted of a short recap of the project so far followed by a presen-
tation of the technical contradiction identified during the define phase. After that the
team chose on which contradiction to focus. The rest of the session was creativity
oriented, consisting of a purge exercise, an inversion exercise and an ideation phase.
The purge is a simple exercise, every participant notes key words on sticky notes and
show them to the others. After that, the team gather and create poles of information,
grouping the notes by categories they chose. The goal is to express everything they
know and think about the subject in order to create a common pool of knowledge from
where to gather later. The inversion is an exercise in which the team express the worst
version of the product they can imagine and then use it to express an ideal version of
the product. By doing so they identify functions that the product needs to fulfill and
technical lock. Here it helped the team take in account the perception that patients
would have of the product. After doing this, the team generated ideas for solutions.
They focused on the actuation of the patient limbs. Rather than generating an important
number of concepts and ideas, the team focused on generating solutions that were not
already used and discuss on the technical locks identified during the inversion and the
contradictions identified during the TRIZ session of the Define phase.

Elements that were identified during the previous phase of the project and that were
presented to the participants were naturally used by them during the idea generation.
They linked those elements with the results of the purge and inversion in order to build
solutions based on the problem and their own knowledge.

Comparing this to classic creativity sessions, the integration of TRIZ components
(the contradictions, the notion of ideality and sub/super systems) allowed the team to
used creativity without losing touch with the technical aspect of the project. Solutions
were detailed and the team laid the path for future TRIZ session on each sub systems.
This will be detailed later in the results section of this article.

At the end of the session, it was decided to loop back to the empathize step in order
to detail the exercises used during the rehabilitation. Doing so would allow us to start a
new TRIZ process, focusing on sub systems rather than the complete exoskeleton.

4 Results

At the end of the session, we identify, for each solution, if TRIZ was used. The results
in term of creativity, feasibility and pertinence of the ideas produced during the cre-
ativity session will be examined here.

During the session, the participants generated 14 ideas based on 5 axes of thinking.
The axes correspond to principle of solutions from which they worked in order to
construct their solutions (example: axis 2 regroup solution based on motors bound to
the leg). In each of these axes, a certain number of solutions were generated by using
the elements introduced with TRIZ (Table 1).

Table 1. Solutions per axis

Axis N° 1 2 3 4 5

Number of solutions 6 2 2 2 2
Number of solutions integrating TRIZ 6 1 0 1 1
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When generating the solutions, participants could rely solely on creativity or TRIZ
or even combine the two, taking an idea that was based on creativity and integrating
TRIZ notions in order to make it evolve. In the figure below (Fig. 3), the solutions that
used or were based solely on TRIZ are noted in red while ideas that came from
creativity are noted in black.

As seen in the figure, participants used TRIZ in order to improve ideas they came
up with during creativity. This is visible in the first axis of solution where they gen-
erated ideas based solely on TRIZ but also used it to create new solutions based on one
they imagined during the creativity. Ideas 111, 112 and 113 are based on creativity but
integrated solutions that came from the use of TRIZ for the generation of ideas 121,
122 and 123. Without the use of TRIZ, the team would have imagined 1 solution for
this axis, but by adding TRIZ notions and applying them to other axes of thinking, they
came up with 6 solutions only for the axis 1. It can be suggested that the use of TRIZ
improved their output of concepts.

An important fact to be noted is that solutions that came from the use of TRIZ
tended to be used transversally, being applied to other axes. For example, idea 22 is
based on TRIZ and the details of the solution were also used later in the session to
create ideas 42 and 52. Without the use of TRIZ, only 3 solutions would have been
created for the axes 2, 4 and 5. But with the addition of TRIZ, 6 solutions were
generated in total.

After the session, all these solutions were graded on three criteria: creativity
(whether the idea was original), feasibility (if the idea could be designed with the current
knowledge at hand) and pertinence (whether the idea responded to the problematic). The
grades were attributed by two members of the team based on their perception of the idea.
Each idea are graded between 1 (the lowest grade) and 5 (the highest grade). Each idea
would be graded between 1 (the lowest grade) and 5 (the highest grade).

For example, ideas based on the first axis of solution revolved around the use of
cables to actuate the limbs. As few papers or products explore this kind of solutions, the
ideas were considered more creative than ideas based around the second axis which
revolves around the use of motors linked to a rigid exoskeleton that is widely repre-
sented in both papers and commercial products. But the ideas using motors were
considered more feasible as there is a lot of papers explaining their implementation and
control in exoskeleton.

Fig. 3. Schematization of the generation of solutions (black: Classic creativity; red: TRIZ
creativity) (Color figure online)
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Table 2 presents the mean and the standard deviation for ideas based on TRIZ and
creativity in order to determinate the influence of TRIZ on the ideas.

Ideas based on TRIZ tend to be less creatives but have a pertinence and a feasibility
superior to ideas based on creativity. The standard deviation with TRIZ is also always
inferior than without TRIZ.

5 Conclusion

During our case study, TRIZ was used to enhance the design thinking process by
identifying technical difficulties that would need special care. Rather than using the
problems solving elements of the methodology, the design process used the problem
analysis elements (ideal results, sub and super systems analysis and contradictions
generation) to create a pool of knowledge to use during the generation of solutions.

The TRIZ methodology also helped us focus the ideation process. Rather than
imagining lots of solutions detached from reality, it helped the team understand the
challenges and use the creativity to solve those difficulties. Integrating TRIZ notions in
the methodology also helped separating the different levels of the project. Working
with the notion of sub systems and their ideality, the participants easily identified the
different challenges and used the flexible structure of design thinking to solve sepa-
rately the problems.

Future work would consist to validate those results with other creativity session.
Each idea would be graded as seen in the results part of the paper and compared to our
preliminary results presented in this article in order to evaluate the pertinence of TRIZ
in our methodology for the healthcare environment.

This methodology aims at perfecting the design process in the healthcare envi-
ronment but is not limited to it. We believe it can be applied to other activity sectors
where the human factor is highly relevant, as within the healthcare sector with the
contribution of the doctors and the patients.

Acknowledgments. This research was carried out within the framework of the RehaByExo
project supported by the Carnot Institute ARTS.

Table 2. Mean and standard deviation of the solutions with Classical creativity and TRIZ
creativity

Criteria Creativity Feasibility Pertinence

Use of TRIZ No Yes No Yes No Yes
Mean 3,80 3,20 3,00 4,11 3,40 3,78
Standard deviation 1,64 1,09 1,87 1,76 1,34 0,67
Min 1 1 1 1 2 3
Max 5 5 5 5 5 5
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Abstract. This article presents new concept of a systematic approach to quality
management of marketing communication. The major research objective was to
develop a method which facilitates efficient quality management of marketing
communication in a holistic manner. The elements of marketing communication
are defined, and the subsystem of marketing information is distinguished.
A qualitative model of marketing communication was developed referring to the
basics of Qualitology and the principles of qualitative modeling, valuation and
systemic approach. Using the ENV and OTSM model of TRIZ contradiction,
the problem of qualitative contradictions in the marketing communication sys-
tem was indicated. Grey Incidence Analysis and Theory of Correlation and
Regression are used to identify the structure of marketing communication and to
find contradictions within its structure. The inventive principles for solving
contradictions in the field of marketing are indicated. The innovative aspect of
the research consists of an application of qualitative modeling, methods of Grey
System Theory and Theory of Correlation and Regression, and methods of
Theory of Inventive Problem Solving. The method introduced enables the
recognition and classification of contradictions on its impact for marketing
communication quality. In the last section, the direction for further research in
the field of systematic thinking application for marketing communication quality
management is indicated.

Keywords: Systematic thinking � Contradiction modeling � Qualitology � Grey
relations � Marketing � Uncertain systems � Quality management

1 Introduction

The work considers the problem of contradictions in the area of quality management of
marketing communication of industrial enterprises. The increasing complexity of
production processes and the pursuit of enterprises for innovation (product, process,
organizational or marketing) requires the creation of relationships with relevant market
players (Pacholski et al. 2011). In the activities of industrial enterprises, several kinds
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of relationships can be distinguished, among others (Mantura 2015; Morgan and Hunt
1994): relationships with the supply market (i.e., between the company and the sup-
pliers and co-operators in the market supply), relationship with the sales market (i.e.,
between the company and the clients (agents and final customers) and co-operators in
the distribution channel), relationships in the system of competition (i.e., between the
company and competitors, current and potential, as well as industry and non-industry),
relationships with the system of power (i.e., between the company and the institutions
of power), relationships with the education system (i.e., between the company and the
education institutions, relationships with research system (i.e., between the firm and
research institutions), relationships with social system (i.e., inter alia, opinion-forming
entities that affect the way in which the public perceives changes shaped by the
company in diverse activities and situations). The management of the enterprise rela-
tionships in a complex and dynamically changing market structure requires from the
management the so-called new generation competences (Duncan and Moriarty 1998)
allowing for the creation of cross-functional knowledge (Korhonen-Sande and Sande
2014) and effective adaptation of the company to changing market environment con-
ditions (Rajnoha et al. 2014). Shaping the relationships between the company and its
market environment and the relationships between functionally diverse organizational
units of the company is one of the basic functions of marketing (Gummesson 1994).
The key roles here are the processes of information transfer as part of marketing
communication. External Marketing Communication, i.e., communication between
organizational units of the company and market environment entities, ensures the
understanding the intentions, capabilities and potential of the company’s partners
(Andersen 2001). Internal Marketing Communication, i.e., communication between
organizational units of the company, enables, among others, recognition of the sur-
rounding market reality from different perspectives and contributes to the so-called
synergy effect in shaping the targeted changes of the company and its environment (Lu
et al. 2007). Internal Marketing Communication enables the integration of information
shaped by functionally diversified employees of the company. Company employees are
perceived as the so-called “part-time marketers” (Gummesson 1987). A comprehensive
approach to marketing information of company employees is to improve the actions
taken to adapt the company to the market environment and to impact this environment
in order to achieve its own goals. The aim of this paper is to develop the concept of
Contradiction Finding and Classification for improving the quality of Internal Mar-
keting Communication of an industrial enterprise. When developing the concept of
contradiction finding and classification, three different theories based on the principles
of system thinking were referred to, namely:

1. basics of Qualitology (Kolman 2009; Mantura 2010), in order to develop a quali-
tative marketing communication model;

2. basic of Grey System Theory (Liu et al. 2016), to order the relations between
particular features of elements belonging to the marketing communication system;

3. basics of Theory of Inventive Problem Solving (Altshuller 1996, 1999), in order to
model and solve the problem of contradictions emerging during the improvement of
the quality of marketing communication.
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The studies also refer to the basis of Correlation and Regression Theories, by
applying the method of correlations analysis using the Pearson’s linear correlation
coefficient to check whether there is a problem of contradictions between the elements
of marketing communication. Firstly, the paper explains the essence of qualitology,
Theory of Grey Systems and Theory of Inventive Problem Solving points out the
principles, methods and tools used in this work. Secondly, a qualitative model of the
marketing communication system was developed, defining the set of its elements and
their structure. Attention was paid to the problem of contradictions between the various
qualitative categories of the marketing communication system, emerging at the stage of
designing desirable quality changes. A method for classifying qualitative contradictions
was developed, due to their importance determined by the impact of certain contra-
dictions on the changes in the state of marketing information quality (cf. Cavallucci
et al. 2011). Fourthly, methods and tools derived from the basics of TRIZ that support
the resolution of current and significant qualitative contradictions to improve marketing
communication of the company have been distinguished.

2 Characteristics of the Applied Concepts of System
Thinking

The use of methods, techniques and research tools of three different concepts that take
the basis of a system approach, as well as methods of mathematical analysis of phe-
nomena correlations, requires the indication of their essence and the relevance of
applicability for solving specific problems in managing the quality of enterprise mar-
keting communication. The subsequent subsections explain the essence, selected
methods and tools of Qualitology, Theory of Grey Systems and Theory of Inventive
Problem Solving.

2.1 Qualitology

Qualitology is an interdisciplinary field of knowledge dealing with all issues related to
quality. Research referring to the fundamentals of Qualitology can be classified into
two basic fields (Borys 1984), i.e., Qualitonomy, as the descriptive field of the quality
theory (Kolman 2009; Mantura 2010) and Qualimetry as the formal field in the quality
theory, dealing with the use of numeric (mathematical-statistical) methods in quality
theory and their application (Borys 1984; Azgaldov et al. 2015). The general goal of
qualitology is “to create a scientific basis for qualitative cognition and qualitative
shaping of reality by man”. The qualitative approach in researching and shaping objects
is expressed in the application of the principles of a qualitative approach (Mantura
2010), i.e., Principles of Qualitative Mapping, Principles of Anthropocentrism (hu-
manocentrism), Principles of Complexity, Principles of Systemicity, Principles of
Synergy, Principles of Kinetics, Principles of Probability, Principles of Evaluation,
Principles of Optimization, Principles of Normalization and Principles of Economics.
In the literature on Qualitology, it is assumed that the qualitative principles can be
applied to every object being recognized or created (Mantura 2010). In this paper, the
Principle of Systemicity is applied, which consists in adopting the basics of general
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system theory and treating the object as a system. The system is a set of elements
remaining in mutual relations. The principle of systemicity explains the “mysterious
theorem” (von Bertalanffy 1968) that “the whole is more than the sum of parts”
(Aristotle), which consists in the fact that “constitutive characteristics are not
explainable from the characteristics of isolated parts” (von Bertalanffy 1968). It is
assumed that the internal structure of the object is a set of relations between the
qualitative categories (features and its states) belonging to the elements of this object
(subsystem), and the external structure is a set of relations between qualitative cate-
gories belonging to the object and qualitative categories belonging to the objects in its
surroundings (supersystem). For our conducted research, in order to identify the
relations between the elements of marketing communication, the selected methods of
Grey Systems Theory were used. This work also applies the Principle of Quality
Evaluation, which consists in considering the need to transform the non-evaluated
(absolute) quality of objects into evaluated quality. This is connected with the Principle
of Anthropocentrism, i.e., axiological approach to reality and consideration of the
quality of the object in relation to the system of human needs, values, goals and
requirements. Quality evaluation is associated with the so-called phenomenon of
Differentiation of Valued Quality. The reason for this phenomenon is the antinomy
(contradiction) of the nature of the features evaluated on the basis of various criteria for
assessing their value. This means that a feature belonging to an object can simulta-
neously take the form of:

1. maximizing, more-is-better (stimulant), i.e., a quantity that is beneficial for large
values from the variability range of the feature;

2. minimizing, less-is-better (drawback, destimulant), i.e., a quantity favourable for
small values from the variability range of the feature;

3. optimizing (mediment), i.e., the quantity used for intermediate values from the
feature variability range (Kolman 2009, p. 66).

In the research conducted for the solution of the emerging problem of qualitative
contradictions, reference was made to the fundamental postulate of classical TRIZ,
postulate of contradictions and methods for modeling contradictions for business and
management.

2.2 Grey System Theory

Theory of Grey Systems was introduced relatively recently in China, in 1982. It was
created by a Chinese scholar, Professor Deng Julong, and presented in the publication
entitled “The Control Problems of Grey Systems” (Liu and Lin 2006; Cempel 2014;
Liu et al. 2016). It is assumed, like in control theory, that the darkness of colours is
used to indicate the degree of clarity of information. The word “black” is employed to
represent unknown information, “white” for completely known information, and
“grey” for that information which is partially known and partially unknown (Liu and
Lin 2006). Research methods and procedures developed within the framework of Grey
Systems Theory entitle to inference based on incomplete, uncertain and few infor-
mation about the systems being studied (Liu and Lin 2006). In the conducted research,
the state of quality of particular elements in the marketing communication system is
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evaluated by the employees of a company’s organizational units. Therefore, in the
conducted research it is assumed that incomplete information means a limited, for
pragmatic reasons, set of characteristics defining the individual elements in the mar-
keting communication system. An uncertainty of information results from the human
cognitive limitation and the experience of people who evaluated the state of the features
belonging to the elements of the marketing communication system. Limited informa-
tion refers to the research sample. Grey methods define the system mapping procedure
based on the minimum sample n � 4 (Cempel 2014). On the basis of the concept of
Contradiction Finding and Classification for improving the quality of marketing
communication, Grey Incidence Analysis (GIA) method of Grey Relationship Analysis
was applied. This methods refer to resolving problems such as which factors among the
many are more important than others, have more effects on the future development of
the systems than others, cause desirable changes in the systems so that these factors
need to be strengthened or hinder a desirable development of the systems therefore they
need to be controlled (Liu and Lin 2006). For such a future research objective, the basis
of cooperative grey games, to capture the dynamics of interaction among individual
assessment of the quality of marketing communication, can be applied (Fang et al.
2010; Palanci et al. 2017).

2.3 Theory of Inventive Problem Solving

Theory of Inventive Problem Solving was developed by Genrich Saulovich Altshuller in
the period from 1946 to 1998, for the need of systematizing methods of solving creative
issues (Skoryna and Cempel 2010). The essence of the developed concepts, in the most
general terms, is to “help the inventor to use his current inventory of knowledge and
experience most effectively” (Altshuller 1975) by adopting a systematic approach to
solving complex problems. Theory of Inventive Problem Solving (TRIZ) has been
greatly developed and has demonstrated great efficacy in solving difficult technical
problems. The current stage of TRIZ evolution and its popularity has been illustrated by
world interest in TRIZ, intensity of TRIZ usage in industry and what its recognized area
of application is, and how aware the world is of TRIZ compared to other innovation
methodologies (Abramov and Sobolev 2019). Initially, TRIZ was used only to solve
technical problems, but over time its application has expanded into organizational,
educational and social problems as well as the ones related to broadly understood
business. For example, 40 Inventive Principles in Quality Management have been
developed that include fields of quality standards, quality control, quality assurance,
reliability, customer focus, supplier selection, project management, and improvement
teams (Retseptor 2003), 12 innovation principles for business and management (Ruchti
and Livotov 2001). It is pointed out that the application of TRIZ for business and
management has worked in such areas of business operations as, e.g., increasing sales
effectiveness, generating a new marketing concept, product or process, analysing cus-
tomers behaviours and their preferences related with innovativeness of products,
resolving a number of conflicts within a supply chain, discovering a new market for a
service, predicting potential failures of a new business model, generating radically new
advertising concepts, and risk management (Monnier 2004; Souchkov 2007; Regazzoni
and Russo 2011; Pryda et al. 2018; Renaud et al. 2018, Koziołek 2019).
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As part of the TRIZ, the principles of guiding thinking in solving inventive tasks
have been defined (just principles and not specific formulas and rules) for organizing
creative thinking independently of the area of human activity (Altshuller 1975). The
classical TRIZ is based on three Fundamental Postulates, such as: first, postulate of
objective laws, which means that engineering systems evolve not randomly but
according to certain laws of evolution. Secondly, postulate of contradictions, which
means that the inventive task is characterized by the fact that it requires the solution of
the so-called technical, physical or administrative contradictions (Altshuller 1975).
These contradictions emerge when the improvement of certain system properties comes
into conflict with another of its properties (Andrzejewski and Jadkowski 2013). Alt-
shuller states that the origin of any innovation problem is a contradiction: “Any
problem, to be solved with TRIZ, must be formulated in such a way that it states a
contradiction” (Hmina et al. 2019). Third, postulate of the specific situation, which
means that each Inventive (non-typical, creative) problem arises within its own indi-
vidual context (Khomenko and Ashtiani 2007). Classic TRIZ solutions include ARIZ
(Algorithm for Inventive Problem Solving), Inventive Standards, Substance-Field.
A set of complementary theories originated by TRIZ can also be distinguished, i.e.,
Theory of Technical System Evolution (TRTS in Russian) and Theory of the Devel-
opment of Creative Personalities (TRTL), and he promoted the initiative to build a
General Theory of Powerful Thinking (OTSM), which helps with the development of
powerful thinking skills (Altshuller 1975 in: Cascini 2012). While developing the
concept of contradiction finding and classification, in order to improve the quality of
marketing communication, the contradiction toolkit (Gadd 2011) and the ENV model
were adopted, taking into account the need to classify contradictions regarding their
importance (Cavallucci et al. 2011) to positive qualitative changes in marketing
communication. Contradiction modeling has been applied to identify or solve, e.g.,
engineering, education, managing, knowledge management, sociological problems
(Messaoudene 2018; Nakagawa 2018; Slim et al. 2018; Livotov et al. 2019). As a result
of the analysis of current research work, it can be concluded that selected TRIZ
methods and tools are used to solve problems in the area of marketing (Semenova
2004), the need to consider the role of marketing in engineering creativity, especially
relationship marketing, which supports integration of different sources of information
(Belski et al. 2019) is indicated. Furthermore, attention is drawn to the diverse prob-
lems emerging in TRIZ application in marketing management and the need to conduct
research that may lead to their solution (Zouaoua et al. 2010). Research is also being
conducted in which TRIZ combines with uncertainty methods such as Grey Relation
Analysis (Lin et al. 2011) or Fuzzy Logic (Su and Lin 2008) and indicates TRIZ
application to deal with volatility, uncertainty, complexity, and ambiguity in the world
(Kiesel and Hammer 2018). The innovative aspect of the concept of Contradiction
Finding and Classification proposed in this paper is the application of the principles and
fundamental operation of quality, methods of Grey System Theory and the Theory of
Correlation and Tegression and the methods of the Theory of Inventive Problem
Solving for improving the quality of marketing communication.
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3 Marketing Communication System

In an etymological sense, the term “communication” derives from the Latin commu-
nicare (i.e., to be in a relationship with, participate in, associate with). Goban-Klas
(2001, p. 43) indicates that for some authors communication denotes all forms of
information transfer, both between people and between animals and machines. In this
work, the approach used in social sciences, especially in sociology, is adopted, and the
scope of marketing communication is limited to the transmission of information
between people and market players. Marketing communication is the transmission of
marketing information between entities on the market (Mantura 2012; Wiktor et al.
2013). In our research, the Internal Marketing Communication of the company is
considered which, taken individually occurs under the name of the Marketing Com-
munication Process. This process illustrates the transmission of marketing information
between the organizational units of the company. The marketing communication
process is mapped by a specific arrangement of elements such as (see Lasswell 1968;
Westley and MacLean 1957; Mantura 2012): entering the marketing communication
process (i.e., source of marketing information, reality components, market objects), the
subject of action in the marketing communication process (i.e., organizational units of
the enterprise, which are characterized by a specific semiotic system, a conceptual
thesaurus and knowledge), tools of action in the marketing communication process
(i.e., marketing communication channel and marketing communication tools, means of
communication), object of action in the marketing communication process (i.e., mar-
keting information, content, message), result of actions in the marketing communica-
tion process (i.e., the message of marketing information received), the exit from the
marketing communication process (i.e., the recipient’s reaction, and the qualitative
change in the market situation). Internal Marketing Communication occurs in a specific
organizational culture of the company. Specifying the term organizational culture, for
research purposes of this work, the approach according to Schein (2004) is adopted. He
indicates that the essence of organizational culture is a set of basic beliefs that have
been established or adopted in order to solve the difficulties faced by the organization,
adapting to external conditions and internal integration. Treating the organizational
culture as a product of social interaction, Schein distinguishes its three levels: basic
assumptions (which form the foundation for other cultural components, define the
essence of existence, human nature, reality and the perception of truth), norms and
values (which constitute a set of principles of everyday activities of group members,
which are shaped by the impact of dominant values and thanks to them, the group
members know how to cope in specific situations), and artefacts (which are manifes-
tations of culture, but do not constitute its essence). The basic assumptions are defined,
e.g., by the attitude to the environment, explanation of the nature of reality, beliefs
about human nature, human activity, interpersonal relations. Standards and values are
determined by, among others, values and norms declared, values and norms observed.
Artefacts are determined by language artefacts, behavioural artefacts, and physical
artefacts.
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4 The Quality of the Marketing Communication System

According to the basics of Qualitology, the work adopts an epistemological (descriptive)
definition of quality and the axiological criterion of the value of objects, defining the
valued (relative) quality of objects. In this approach, the quality is expressed in a set of
features, and the quality of an object is a set of features belonging to it (Mantura 2010,
p. 49). Determining the quality of any object consists in recognizing, postulating and
formulating a set of features belonging to it. The quality of the object is described by a
finite set of features. The quality of the object is treated in a holistic approach, i.e., it is
expressed by a set of features that belong to it and their structure. In fact, the features are
identified on objects only in the form of specific own conditions/states. The state of
quality of the object determines at least one state of each feature belonging to it.
Conceptualization of features belonging to the object and their states in the Value
Relation (Rv) with a defined system of human needs, goals and requirements is the basis
for transforming the quality of the object into a valued (relative) state of the object’s
quality. The general and universal criterion of quality evaluation is the effectiveness of
satisfying the set of needs, achieving goals and meeting human requirements (Mantura
2010). The overall marketing communication quality model is presented in Fig. 1.

SUPERSYSTEM OF ORGANIZATIONAL CULTURE

fIm1 fIm2 fIm... fIm10

fCh1, fCh2, …, fCh4

Rw
,R
k

SYSTEM OF MARKETING COMMUNICATION

Here, fIm1, fIm2, ..., fIm10: the features belonging to marketing information; fCh1, 
fCh2, ..., fCh4: the features belonging to the marketing communication channel; Rv:
Value Relation; Rw: Relation of Impact; Rk: Correlation between the states of indi-
vidual features belonging to the communication channel and the states of features 

belonging to the marketing information.

Fig. 1. The qualitative model of marketing communication (Source: own elaboration).
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Value Relation refers to the relationship between the state of marketing communi-
cation quality and usability in achieving the goals and functions of marketing in the
company’s organizational culture. According to the paradigm of systemic thinking
adopted in the work, the goal of the existence of a given system (i.e., marketing com-
munication of a company) is determined by the objective of its environment, the
supersystem it belongs to (i.e., the supersystem of marketing in the organizational
culture of the company). Relation of Impact expresses the so-called causality ratio (cf.
Kotarbinski 1975) between elements occurring in the form of causes and elements
occurring in the form of effects. In this paper, referring to the basics of information
theory, it is assumed that the state of the quality of marketing information is influenced
by features belonging to the marketing communication channel. The adequacy of these
assumptions has been empirically verified in the authors’ earlier research work, con-
cerning the development of Integrated Marketing Communication Quality Management
Method in the industrial company. The qualitative model of marketing information was
tested by thirty industrial companies and the relation between the marketing commu-
nication channel (i.e., frequency of using a specific form of marketing communication
channel, such as, advertising tools, public, sales activation, direct marketing, personal
sales, personal promotion and partnership with market entities, or internal marketing
communication tools) and the states marketing information quality was confirmed
(Majchrzak 2018). In this paper, the marketing communication channel is defined only
by the methods of internal marketing communication, such as, personal meetings, phone
calls, e-mail messages, interactive multimedia communication. Correlation allows to
recognize whether the change (increase/decrease) in the state of features belonging to the
communication channel is accompanied by the change (increase/decrease) in the state of
features belonging to marketing information. Recognizing the direction of correlation
makes it possible to check whether a given feature belonging to organizational units or
marketing communication channels is an feature of a minimizing nature (the smaller the
value the better) or the maximizing (the higher the value the better) in relation to a given
feature belonging to marketing information. In order to identify the problem of quali-
tative contradictions in the marketing communication system, the selected elements
were determined in accordance with ENV model (Element, Name of the property, Value
of the property), which is a universal model adopted in OTSM-TRIZ for representing
any kind of problematic situation (Cascini 2012). The results of modeling the quality of
marketing information and the marketing communication channel based on the ENV
model are summarized in Table 1. The research assumes the interrelation between the
specified elements of the marketing communication system. It is assumed that changing
one part of the system has a negative effect on other parts of the system (Altshuller
2004). The problem of contradictions in the marketing communication system is
determined using the model of a contradiction, consists in at least three parameters
(Khomenko et al. 2007), where:

1. Evaluation Parameters (EP), constituting a measure of system satisfaction
requirements, refer to the state of the at least two features of marketing information.

2. Control Parameter (CP) whose value impacts, with opposite results, both the
Evaluation Parameters, refers to the state of features of the marketing communi-
cation channel.
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Contradiction occurs when two Evaluation Parameters are coupled in such a way
that the attempt of improving any of them determines the worsening of the other
(Cascini 2012), which is shown in Fig. 2.

When developing the concept of Contradiction Finding and Classification, the set
of contradictions between the various features of the marketing communication channel
and the features of marketing information is defined first. Then, the contradictions
according to their importance are classified for positive changes in the quality of
marketing information in a comprehensive approach.

Table 1. Qualitative modeling of marketing communication according to ENV model.

Element Name Values

Marketing Information
(Im)

Features belonging to marketing
information, such as:
f Im1 (amount),
f Im2 (understandability),
f Im3 (relevancy),
f Im4 (completeness),
f Im5 (free of error),
f Im6 (security),
f Im7 (timeliness),
f Im8 (accessibility),
f Im9 (believability),
f Im10 (ease of operation)

States of features
values:
5 (very favorable),
4 (favorable),
3 (average),
2 (unfavorable),
1 (very unfavorable)

Marketing
Communication Channel
(Ch)

Features belonging to marketing
communication channel, such as:
f Ch1 (personal meetings),
f Ch2 (phone calls),
f Ch3 (e-mail messages),
f Ch4 (interactive multimedia
communication)

Frequency of use:
5 (very frequent)
4 (frequent),
3 (medium),
2 (rare),
1 (very rare)

Source: Own elaboration based on Lee et al. 2002.

Feature of Marketing 
Communication 
Channel (fiCh)

State of i-th feature of 
Marketing Information

State of j-th feature of 
Marketing Information

Value ↑ 

Value ↓  

+

-

+

-

Element: Marketing 
Communication 

Channel

Fig. 2. OTSM model of TRIZ contradiction in the marketing communication system (Source:
own elaboration).
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5 Stages of Contradiction Finding and Classification

Contradictions between specific elements of marketing communication are identified
by recognizing the Relation of Impact and Correlation between the various features of
the marketing communication channel and marketing information. Another method of
contradiction finding based on functional analysis was presented, e.g., in the problem
product from the function of the product (Yang et al. 2018) and based on extended ad
hoc method for the purpose of problem description (Koziołek and Słupiński 2018). In
order to recognize the implementation of the influence, the method of studying Grey
Relations of the Grey Systems Theory was used (Liu and Lin 2006). This method
allows to check whether and what is the strength of the impact of particular system
factors (CP: control parameters) on specific system characteristics (EP: evaluation
parameters) (Liu and Lin 2006, p. 120). The level of impact of system factors on the
nature of the system is identified by calculating the ratio of the absolute (total) impact
eij. The coefficient of impact eij between the vectors of variable factors, Xi, and the
characteristics, Yj, of the system was chosen due to its following properties, significant
in the study of the impact relationship between the specific elements of the marketing
communication system (Liu and Lin 2006, p. 112; Cempel 2014, p. 15):

1. 0 < eij� 1;
eji is only related to the geometric shapes of Xi and Yj, and has nothing to do with the
spatial positions of Xi and Yj or in other words, moving horizontally does not change
the value of the absolute degree of grey incidences;

2. any two sequences are not absolutely unrelated, that is eji never equals zero;
3. the more Xi and Yj are geometrically similar, the greater eij;

when Xi and Yj are parallel, or Y0
j vibrating around X0

i with the area of the parts with

Y0
j on the top of X0

i being equal to that of the parts with Y0
j beneath X0

i , eij = 1;
4. when any one of the data values in Xi or Yj changes, eij also changes accordingly;
5. when the lengths of Xi and Yj change, eij also changes accordingly;
6. eii = 1, ejj = 1;
7. eji = eij.

In studies on grey relationship, different types of sequences of variable factors and
system characteristics were specified, including: behavioural sequence (sequence of
variables versus system observation conditions, e.g., evaluation of the same variable by
different experts, in different conditions), behavioural time sequence (evaluation of the
same variable determined at different times), behavioural criterion sequence (e.g.,
different system characteristics are evaluated by various experts), behavioural hori-
zontal sequence (e.g., the value of a given characteristic is determined for different
objects) (Liu and Lin 2006, p. 88). The individual calculation activities carried out in
the method of testing grey relationships between control and evaluation parameters are
explained below.

Operation 1. Determining the sequence of variable factors, Xi, and characteristics, Yj,
of the system:
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X1 ¼ x1 1ð Þ; x1 2ð Þ; . . .; x1 nð Þ½ �;
X2 ¼ x2 1ð Þ; x2 2ð Þ; . . .; x2 nð Þ½ �;
X3 ¼ x3 1ð Þ; x3 2ð Þ; . . .; x3 nð Þ½ �;
X4 ¼ x4 1ð Þ; x4 2ð Þ; . . .; x4 nð Þ½ �:
Y1 ¼ y1 1ð Þ; y1 2ð Þ; . . .; y1 nð Þ½ �;
Y2 ¼ y2 1ð Þ; y2 2ð Þ; . . .; y2 nð Þ½ �;
�
�
�
Y10 ¼ y10 1ð Þ; y10 2ð Þ; . . .; y10 nð Þ½ �:

Here, X1: vector of variable feature states, f Ch1 (personal meetings), X2: vector of
variable feature states f Ch2 (telephone conversations), X3: vector of variable feature
states f Ch3 (e-mail messages), X4: vector of variable feature states f Ch4 (interactive
multimedia communication). Furthermore, Y1: vector of variable feature states f Im1
(amount), Y2: vector of variable feature states f Im2 (understandability), Y3: vector of
variable feature f Im3 statest (relevancy), Y4: vector of variable feature states f Im4 (com-
pleteness), Y5: vector of variable feature states f Im5 (free of error), Y6: vector of variable
feature states f Im6 (security), Y7: vector of variable feature states f Im7 (timeliness), Y8:
vector of variable feature states f Im8 (accessibility), Y9: vector of variable feature states
f Im9 (believability), and Y10: vector of variable feature states f Im10 (ease of operation).

Operation 2. Transformation of the observation vectors against the zero starting point
operator (Liu and Lin 2006, p. 102):

XiD ¼ xi 1ð Þd; xi 2ð Þd; . . .; xi nð Þdð Þ;
YjD ¼ yj 1ð Þd; yj 2ð Þd; . . .; yj nð Þd� �

;
xi kð Þd ¼ xi kð Þ � xi 1ð Þ;
yj kð Þd ¼ yj kð Þ � yj 1ð Þ:

Here, XiD: the image of the i-th observation vector of the system behavior trans-
formed with respect to the operator of the zero starting point, YjD: image of the j-th
observation vector of system behaviour transformed against the zero starting point
operator, i - system factor (i.e., control factor), j: system characteristics (i.e., evaluation
factors).

Operation 3. Calculation of behaviour measures of system observation vectors by
adding, subtracting and the quotient of their values (Liu and Lin 2006, 104):

sij j ¼ Pn�1

k¼2
xi kð Þdþ 1

2 xi nð Þd
����

����;

sj
�� �� ¼ Pn�1

k¼2
yj kð Þdþ 1

2 yj nð Þd
����

����;

sj � si
�� �� ¼ Pn�1

k¼2
yj kð Þd � xi kð Þd þ 1

2

� �
yj nð Þd � xi nð Þd� �����

����:
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Here, sij j: measure of the behaviour of the i-th factor of the system, sj
�� ��: a measure

of the behaviour of the j-th system characteristic; sj � si
�� ��: measure of the behaviour of

the i-th factor systems relative to the j-th characteristic of the system.

Operation 4. Calculation of the value of the impact coefficient eij between specific
factors and system characteristics (Liu and Lin 2006, 103):

eij ¼
1þ sij j þ sj

�� ��
1þ sij j þ sj

�� ��þ sj � si
�� �� :

Here, eij: coefficient of absolute level of impact between the i-th factor of the
system, and j-th system characteristic. The coefficient of the absolute level of influence,
eij, takes values within the range of variability [0, 1]. The higher the value of the
coefficient, the greater the impact of the i-th factor of the system on the j-th charac-
teristic of the system.

Operation 5. Adding the values of impact coefficients eij for each of the system’s
factors and ordering the system’s factors in relation to the strength of their impact on
the system’s characteristics (cf. Liu and Lin 2006, 130). This leads to the ordering of
features belonging to the communication channel in relation to the strength of their
impact on the state of features belonging to marketing information.
Example:

f Ch1 � f Ch4 � f Ch3 � f Ch2 :

Thus, the feature f Ch1 (personal meetings) has the greatest impact on changes in the
quality state of marketing information.

The purpose of the next calculation activities is to recognize the direction of cor-
relation between the states of marketing communication features and the states of
marketing information features. To accomplish this goal, the method of analysis of
phenomena correlations using the Pearson’s linear correlation coefficient was used. The
individual computational activities carried out in the method of analysing the phe-
nomena correlations are explained below.

Operation 6. Calculation of the value of the Pearson correlation coefficient r
according to the formula (Rutkowski 2004, p. 30 and p. 99):

r ¼
1
N

P
j yj � �y
� �

xi � xð Þ
SySx

;

for

Sy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X

j

ðyj � �yÞ2
s

;

Sx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X

i

ðxi � �xÞ2:
s
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Here, xi, yj: particular variables of vectors Xi and Yj, �x;�y: mean values of variables,
Sx; Sy: standard deviation of independent variables x and dependent variables y, and N:
population size.

The Pearson correlation coefficient r takes values in the range of variability from −1
to 1. The sign of the r Person correlation coefficient informs about the direction of
correlation. Positive correlation means that the features of the marketing communica-
tion channel are the characteristics of the maximal character, and the negative corre-
lation indicates the characteristics of a less-is-better nature in relation to the features of
marketing information. The recognized character of features is put together in the so-
called Contradiction Matrix.
Example:

CM ¼

f Im1 f Im2 . . . f Im10
f Ch1 " " " "
f Ch2 # # # "
f Ch3 # # # #
f Ch4 " " # #

Here, CM: contradiction matrix; ": the feature of the communication channel of a
maximizing character; #: minimizing in relation to individual features of marketing
information.

Thus, referring to the example presented it was recognized, that for features f Ch1 and
f Ch3 , there is no opposite correlation with the features belonging to marketing infor-
mation. Therefore, to improve the quality of marketing information, the value of the
feature f Ch1 should be increased and the value of the feature f Ch3 belonging to the
marketing communication channel should be reduced. The occurrence of contradictions
for the feature f Ch2 and feature f Ch4 was identified:

1. increasing the value of the feature f Ch2 positively affects the state of the feature f Im10 ,
and negatively the state of the features f Im1 , f Im2 ;

2. increasing the value of the feature f Ch4 positively affects the state of the feature f Im1 ,
f Im2 ; and negatively the state of the features f Im10 .

At this stage, the results of the Relation of Impact study are taken into account, and
the set of ordered features of the marketing communication channel is checked against
the strength of their impact on the state of marketing information features (Operation 5).
Identified contradictions are classified in relation to the strength of the impact relation of
Control Parameters on changes in the value of Evaluation Parameters (cf. Cavallucci
et al. 2011; Becattini et al. 2011).

When designing qualitative changes, first of all it is considered what should be the
state of those control parameters which have the strongest impact on the changes in the
evaluation parameters. In accordance with the assumption that those elements of the
system which have the greatest impact on changing the desired features of the system
should be changed in the first place (cf. Gadd 2011, p. 104). The course of the proposed
operations and the steps applied in concept of contradiction finding and classification in
the field of marketing communication quality management is shown in Fig. 3.
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Operations of Grey Relation and 
Correlation Analysis

Steps of Contradiction Finding and 
Classification

1. Determine the sequence of variable 
factors (X1, …, X4) and characteristics
(Y1,…, Y10) of the system.

1. Define Control Parameter (CP) refers to the 
state of features of the marketing 
communication channel (X1, …, X4) and 
Evaluation Parameters (EP), refer to the state
features of marketing information (Y1,…, Y10).

2. Select the system operator (e.g. zero 
starting point, initialing operator, 
average image, interval image) and 
transform the sequence of variable 
factors and characteristics into the 
image of them.

3. Calculate behaviour measures of 
the images of sequence of variable 
factors and characteristics by adding, 
subtracting and the quotient of their 
values.

4. Calculate of the value of the impact 
coefficient εij between specific factors 
and system characteristics.

2. Identify the value of the impact obetween 
specific Control Parameters (CP) and 
Evaluation Parameters (EP).

5. Add the values of impact coefficients 
εij for each of the system's factors and 
order the system's factors in relation to 
the strength of their impact on the 
system's characteristics.

3. Order the Control Parameters (CP) in 
relation to the strength of their impact on the 
Evaluation Parameters (EP).

6. Calculation of the value of the 
correlation coefficient between specific 
factors and system characteristics.

4. Identify the direction of Correlation 
Between Control Parameters (CP) and the 
Evaluation Parameters (EP).

Negative correlation Means 
that the Control Parameters 
(CP) has the less-is-better 
nature in relation to specific 
Evaluation Parameters (EP).

Positive correlation means that 
the Control Parameters (CP)
has the maximal character in 
relation to specific Evaluation 
Parameters (EP).

5. Define the Contradiction Matrix.

Fig. 3. The course of the operations and steps in contradiction finding and classification in the
field of marketing (Source: own elaboration).
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The operations refer to the specified methods of Grey Relation Analysis and Corre-
lation Analysis. The results of specific operations are applied to achieve objectives of
proposed steps in contradiction finding and classification. In solving the problem of
contradictions, the problem of physical contradictions is first considered and a set of
principles of separation applied, and then it refers to a set of appropriately selected
inventive principles for solving problems of technical contradictions (cf. Gadd 2011,
pp. 120–134). A specific set of inventive principles is of general nature and should be
adapted and applied taking into account the specifics of the problem being resolved
(Altshuler 1975). In solving the problem of qualitative contradictions in the marketing
communication system, interpretations of standard inventive principles are used to
solve problems in the area of marketing (Retseptor 2005).

6 Conclusion and Outlook

This paper deals with the problems of identifying and classifying contradictions for the
purpose of managing the quality of marketing communication of an industrial enter-
prise. In our developed method, reference was made to the basic principles and
operations of Qualitology, i.e., the Principle of Qualitative Mapping, Principle of
Systematicity, and Principle of Quality Evaluation. At the stage of qualitative contra-
dictions modeling, the ENV and OTSM models of TRIZ contradiction were used. The
Evaluation Parameters (EP) in the conducted research refer to the state of the marketing
information features, and the Control Parameter (CP) refers to the state of features of
the marketing communication channel. In order to determine the impact relation
between Control Parameter (CP) and Evaluation Parameters (EP), Grey Incidence
Analysis method was used. In order to determine the direction of correlation between
Control Parameter (CP) and Evaluation Parameters (EP), the method of analysis of
phenomena correlations using the Pearson’s linear correlation coefficient was applied.
It has been assumed that when designing qualitative changes, the most important issues
is to consider what should be the state of Control Parameters, which have the strongest
impact on the changes in the Evaluation Parameters in the overall approach. It was
pointed out that by solving the problem of qualitative contradictions, a set of separation
principles is applied first, and then it refers to the interpretation of standard inventive
principles developed for solving problems in the area of marketing. The course of this
research process is shown in Fig. 4.

The aim of future research is, first, to verify the developed concept, including
designing a questionnaire to assess the state of the quality of marketing communication
in an industrial enterprise. Second, creating the computer software supporting com-
putational activities at the stage of using Grey System Theory method and a statistical
method of analysing the phenomena correlations. Third, integration of the developed
method with other commercially available methods of computer-aided problem solving
(e.g., Innovation WorkBench). Fourth, application of a mathematical model, such as
system dynamics approach methodology of modern Operational Research (Pedamallu
et al. 2012a) and methodology and computer simulation modeling technique
(Pedamallu et al. 2012b) to improve the classification of the contradiction for its impact
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on the marketing communication quality. Furthermore, application and verification of
proposed concept of contradiction finding and classification in the other fields of
industrial companies structure.
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Abstract. Agriculture is an industry based on human history, as anyone can
easily recognize. There are various tools and cultivation methods for unique
agriculture in many countries of the world. And such farming methods and tools
used have evolved over time. It is accepted by the general public as an
understanding of the uniqueness rather than an attempt to analyze which tools
are relatively more efficient.
Today, a variety of traditional farm equipment in each country is being used

in part. Where large-scale factory farming uses modernized equipment. In this
study, I briefly analyzed how the characteristics of agricultural equipments used
in rural villages are related to TRIZ’s inventive principle and resource
utilization.
The inventive principles of TRIZ are easily found in Korean farm equipment.

Some tools are understood as aspects of modern science or sports science.
Over the past several hundred years, most farm equipment has been com-

pleted with materials and methods to create optimized structures, methods and
tools. It has efficiency and environmental friendliness. Given the environmental
conditions, the use of local materials and experience-based wisdom is dissolved.
Some tools also have semantic implications for environmental issues, cyclical

economies, and sustainability that have emerged as problems in recent years.
Therefore, it is important to develop new complex systems or to study

equipment with advanced functions. However, by using good examples already
existing, I would like to get hints as another alternative to various problems
arising from the recent industries of machinery, electronics, computers, petro-
chemicals, and so on.
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1 Introduction

1.1 History and Agriculture in Korea

Korea usually has a history of 5000 years. It is presumed that many countries have
historically developed into cultivated forms gradually as they settled around the river in
nomadic life. Korea was estimated to have started full-scale farming since 3000 BC.
However, ancient rice seeds found in Korean Shinbuk in 2003 were estimated to be
about 15,000 years ago and recognized by the World Association. It is estimated that
Korea has a very long agricultural culture all over the world.

Therefore, it is a nation that mainly engages in agriculture, and it has been various
for a long time and various crops and food culture accordingly. It was in the early
1960s that the modernization of Korea’s agricultural environment began to take full
advantage of its power. Prior to that, agriculture was mainly farming with manpower,
accumulation and natural environment. Nowadays, agriculture is applied to simple
agricultural agriculture using advanced technology such as factory farming facility,
hydroponics using LED, facility management using IoT technology, and spraying
pesticide with drone. Mechanization Despite the computerized changes, farm tools that
have been used for a long time are now being partially used. In this paper, we try to
share some meaning of traditional agricultural equipments which are used now.

1.2 Korea’s Natural Environment and Agriculture

Korea has four seasons of weather change in one year. This environment has played a
very large role in agriculture. It can be divided into the farming season and the resting
season depending on the weather. Farming season is a very busy time when the actual
things necessary for farming take place in farmland. On the contrary, the rest period
corresponds to a kind of preparatory period that takes place inside the house with little
occurrence of farmland outside the house. There are traditions in which land is sown,
sown and cultivated and harvesting work in cooperation with neighbors in a short
period of time because the tasks to be carried out by the step of farming are decided.
Some work alone, but many farmers are made to work as a group.

Most of the rest days are from the time when the harvest of late autumn ends, the
temperature falls below freezing, the time when the cultivated area becomes frozen, and
the beginning of the next spring, when the ice begins to melt. During this period,
various preparations are made for practical farming. They will do follow-up work on
harvested crops, and make consumable work tools that are often used in farming. It is
the time when crafts and tools made of various straws are made using straws to make
strings that are used as versatile strings. It is also the season for repairing the tools used
in the farming season. To repair the farm equipment, we prepare and process the tree,
or repair the necessary equipment in the blacksmith shop.
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1.3 Challenges of Current Agriculture in Korea

Through a very short period of 20 to 30 years, Korea has changed from traditional
farming to mechanized farming. After the Korean War, agricultural productivity was so
low that it concentrated on increasing food production per unit area. As a result, food
problems and productivity were solved, but the soil was acidified by massive use of
chemical fertilizers, pesticides and chemicals, and many pollutants were generated in
rivers and land.

Various efforts have been made to restore, but the recovery of nature is slower than
expected. The rapid aging of the population is also recognized as a new problem. The
relationship with neighbors is loosening by working with automated agricultural
machinery without the help of neighbors. In front of these new challenges, we will
learn the wisdom of the ancestors included in traditional farm equipment to gain
wisdom in solving current problems.

2 Characteristics of Major Agricultural Equipment in Korea

We have extracted some features of Korean farm equipment from TRIZ’s problem
environment analysis aspect with characteristics of 130 different kinds of farm
equipment in Korea, how to use it, and natural environment.

2.1 Village Cooperative Agriculture

In a situation where the changes in the four seasons of the year have to be met, farmers
often cooperate in farming rather than individual farming. There are a lot of farm
equipment that at least two people should join together in a variety of farm equipment,
and the labor cost has developed much by region. There were a lot of cases where we
worked together singing along with farming days that could be boring in wide fields. It
is a sort of community structure, but it is a group that has a horizontal relationship and
cooperates with each other. It is called ‘Dure’. Similar to Kibbutz, a collective farming
community in Israel, all of Korea has a different form of private property base. The
workpieces transmitted by word of mouth were shared through festivals and various
festivals. Several people have good structural characteristics to work together.

2.2 Agricultural Equipment Material and Circulation Economic
Characteristics

Most of the farm equipment used very common materials that can be easily found
around. As a result of rice farming, straw has been used for a variety of purposes
(Fig. 1). They used various properties of the straw. Straw is also a by-product of
producing food. The byproducts become the key material for tools to store and
transport food.
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It is characterized by 100% circulation when the life span of the used farm
equipment or the agricultural equipment is exhausted. Most are composted or become
heating firewood. In addition, partial repair is easy for each component. Trees or straw
are also used as additional fertilizer. On the contrary, today’s petrochemical strings are
mostly not recycled after use, and they cause soil and river pollution (Fig. 2).

All components are made of wood or straw except for the iron-made part made of
blacksmith. This can be interpreted as a dimension that utilizes various derivative
resources from the viewpoint of ‘resource analysis’.

2.3 Systematic Classification and Various Kinds

There are more than 130 farm equipment in Korea. Table 1 below shows the types and
types of farm equipment classified into 16 stages based on the timing and function of
farming. It is estimated that more than 130 kinds of agricultural equipments did not
appear at any particular time but gradually increased according to the working envi-
ronment for a long time. Korea is known as an agricultural country, although the three
sides are made up of sea. Historically, many kings have been noted for their success in
agriculture, water management for agriculture, interest in rivers, reservoirs and so on. It
can be considered that there is an attempt to improve the systematic farm equipment in
the country if it is deduced that the national history document contains a lot of records
about the farm equipment.

Fig. 1. Straw cases

Fig. 2. A variety of farm equipment in Korea
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2.4 Breakdown of Structure and Name of Farm Equipment

Most of the farm equipment was improved and optimized according to the purpose of
use. It can be seen that the structural features, functions and performance have become
clear during the optimization process. As an example, a sickle cutting a tree or weed is
a very simple tool, but its name is clearly distinguished as shown in the figure below
(Fig. 3).

Table 1. Korea’s farming season and farm equipment [2]

Fig. 3. Structure and name of Korean sickle [3]
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It is a technical system that a simple tool has different names depending on
structure, shape and function. In other words, it is a simple but seemingly simple
technology system. It’s as if each component of a complex mechanical system has its
own manufacturing method and name. Each tool has its own name and the materials
and manufacturing methods used in its manufacture. There is a whole name, but having
a unique name for the parts that make up the whole means that there is a unique
function.

2.5 Manufacturing Locally: Appropriate Technology

Most farm equipment is made in the local area, that is, the area where it is used. Strictly
speaking, it was made in a home that needs it. It is a practical form of proper technique.
Made with materials that are very easily available in your area. Most of the farmers at
the time were able to make most of the farm equipment with only basic basic tools. It
was made with tools that were readily available at village level. In the case of iron
farming equipment, it is usually purchased through a market that is held regularly by
city, or it is repaired in a blacksmith shop in winter. They have the same form, but they
have made farm equipment with materials that are produced or naturally produced in
the area.

2.6 Harmonization with Super Systems: Resource Analysis

It is in harmony with the operation of the human body, which is an upper system. The
upper system has characteristics that are optimized to the characteristics of the upper
system from the point of view of interaction with the human farm equipment. Farmers
using livestock have also developed a variety of additional tools to keep the livestock
constantly focused on their work, rather than simply using the power of livestock.
Livestock, such as cattle, have the highest value of property in most households, and
work has been done to take care of their health. In addition to farming equipment, it is
also shown in the construction of trees along the shape of the surface of rocks and
stones when pillars are erected on the foundation stone of Korean houses. The Ondol
system, which exists only in Korea, is a heating system in which the properties of stone
and soil and aerodynamics are studied in harmony (Fig. 4).

In many cases, it is assumed that farm equipment has been improved in such a way
as to study and use the properties of the natural state or the material before it is
artificially processed.

Fig. 4. Analyze and harmonize top system resources [4, 6]
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3 Korea’s Representative Traditional Farm Equipment

There are about 130 kinds of traditional farm equipment in Korea, but among them,
only some of the farm equipment that have been used only in Korea until now and their
characteristics are examined. Most of the farm equipment was visible in the museum.
Most of the farmers have experience in using the farm, and this is the TRIZ theory.
I will review why TRIZ has 40 generic inventions found in their farm equipment
(technical systems), and why farming tools are virtually unchanged in form and usage
for a long time.

3.1 Case: Homi

Homi was a traditional farming tool in Korea, but now it is known as a gardening tool
sold by Amazon.

3.1.1 History and Uses of Homi
The shape of Homi varies slightly depending on the farming environment and region of
Korea (Fig. 5). The shape of the work depends on the soil condition in each area.
Depending on the type of weeds, the depth is different and the hardness of the soil
varies depending on the soil. As a result, the shape of the body was slightly modified
according to the problem, and the angle and length of the blade, the length of the
handle, and the shape of the side were changed. Also, a customized order can be made
in the blacksmith individually. This can determine the type of detail of the Homi by the
user’s experience.

3.1.2 Structure and Function of Homi
Homi is mainly used by people to sit in a sitting position and to decorate their hands or
garden. After sitting in the space to work, various tasks are possible. Depending on the
proficiency level, the time and type of work will also vary.

Figure 6 shows the functional relationship when holding Homi by hand and pulling
toward the body. Homi uses the power of the hands and arms of the human body to work

Fig. 5. Various aspects of Homi [5]

464 S. Cho



with structures optimized for digging the soil or selectively removing or removing
weeds. The pulling force will cause the lower part of the body to fall into the ground.

Homi also has a versatile function in one shape. It can be used in a variety of times
and places that usually do simple work in the field, such as the ability to scratch the
earth or collect the soil, to move the soil, to cut off the roots of the weeds, to dig the
ground. In some cases, the handle 3 may be wrapped with a cord so that the hand
holding force is evident.

Though 1000 years later, the structure of Homi is still used. It is one sample of IFR
of hand tool. It is still being sold as a best-selling product on Amazon (Fig. 7).

There is a review of users who purchased Homi using Amazon, which expressed
satisfaction with “I can not find a 30-degree curved day anywhere in the US” or “How
did you make your garden before writing Homi?” [5].

3.1.3 Founding Principles of Invention
It can be found that at least five inventive principles are applied to Homi.

a. (3) Local quality - Different features are unique to each function.
b. (6) Universality - The body made of iron contains various functions.
c. (16) Partial or excessive action - When pushing in the handle, it burns quickly and

pushes it in.
d. (25) Self-service - Bend the handle so that the handle does not come off the body.

Fig. 6. Structure and function of Homi

Fig. 7. Homi currently on the Internet [5]
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e. (40) Composite materials - Handles are made of wood and wrapped around the
surface with rope.

3.2 Case: Chige

There are several required functions and constraints to move things in the rural envi-
ronment of Korea. A given situation can simply be set to Task. And the result of
continuous improvement to solve such a problem situation can be interpreted as the
current state. On the other hand, it is also possible that the current shape of the biceps
has been created in a shorter period of time. It is structurally meaningful in interaction
with components.

3.2.1 Necessity and Required Function
The necessity of the first Chige is not known, but based on actual experience, it can be
demanded that the problem situation when Chige is not used is reverse estimated and
summarized below.

a. Carry heavy objects or bulky luggage (carry as much luggage as possible)
b. Carrying baggage to limited places such as narrow roads and mountain roads

(acceptance of upper system limit)
c. Shielding or minimizing the constraints of action on the move (not dangerous)
d. Easy to travel long distance

3.2.2 Chige’s History and Change
Korea’s Chige has maintained its shape for hundreds of years without substantial
change. The figure below (Fig. 8) shows that Chige in the picture of a painter several
hundred years ago is the same as that of the last 30–70 years ago.

Usually, it is difficult to use wheeled transport tools if you need to carry your
luggage to a narrow, hilly or narrow place. In the same situation, Chige is still being
used with its traditional structure. The form remains intact. During the Korean War,
Chige was used to create a special unit to move military supplies to the mountains.

3.2.3 Structural Features of Chige
As mentioned above, the name of Chige can be divided into 15 kinds as well as the
features of traditional Korean farming tools. And the location of each component is

Fig. 8. Past and recent Chige’s appearance
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located where it interacts with the human body skeleton. Most houses in rural areas in
Korea had Chige, which is the same shape but different in size. The reason is because
the body size of the person using it is different. Patient height, shoulder width, and hip
position are the main variables. Figure 9 compares the general structure of the body
and the structure of Chige corresponding to the skeleton.

Chige has a form A so that the center of gravity is well caught when a heavy load or
a bulky thing is carried. When hanging the Chige on the shoulder, the lower structure is
arranged outward so that it is not caught on the legs. After the load is loaded on the
Chige, it has a structure that supports it so that it does not move toward the head. In
other words, it has been manufactured to fit well with the interaction position con-
sidering the structure and function of the body which uses the characteristics of human
body well. There are a variety of things that you can carry on your Chige. You have
additional options for when you need to move grain or small objects. ‘Baroguri
(15) can be temporarily connected to each structure (1, 6) while spreading to be well
placed in the base structure of Chige.

3.2.4 Mechanism of Load Transport Using Chige
In Fig. 10, if the load is loaded on the Chige, it is fixed with the strap (15). It is possible
to balance the erected Chige and stand it up with the support rod 13 slightly inclined.
At this point, the user will remember the tilted level of Chige and (b) maintain the angle
when he tries to stand up against Chige on his shoulder. If you shake a little, you will
know how much strength it supports. These interactions are taught in principle and
practice at the point of use of Chige. Therefore, parents should check whether they fit
the body before making Chige for children or using Chige.

a. Chige depends on the size of the body, weight support position is different.
b. Depending on the weight of the body, the angle of the body and the angle of the

Chige are different.
c. Structural features that maximize human body function.

Fig. 9. Chige’s structural features and human skeleton
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3.2.5 Problems and Solutions of Chige’s Manufacturing Process
All the materials that make up Chige use local materials that are available to anyone in
rural Korea. Most farmers directly manufacture. Manufacturing takes into account the
physical condition of the person using it.

In the structure of Chige, the place where weight is most applied corresponds to
branch (6). This weakness affects the bulk or weight of the load that can be loaded.
Therefore, when choosing materials to support weight, we make a tree with branches
that are angled about 60° from the main stem of the tree. Trees with bold branches have
very rigid structural features when they are built. Cut the tree beforehand because the
tree is distorted during the drying process. After the wood has been partially dried, it
will become less warped after production (Fig. 11).

Fig. 10. Preparing for change and movement of the center of gravity

Fig. 11. Wood preparation for Chige manufacturing
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Chige is an unbalanced structure from the side, but from the front, both sides need
to be balanced in terms of structure, weight and stiffness. As shown above, it is difficult
to obtain trees with the same structure and rigidity in nature. Most of the fixtures were
somewhat imbalanced. In order to solve this problem, it is possible to make a tree by
dividing the tree which is twice as thick as the tree which is necessary for making the
final load. Especially in this case, the wood is cut and dried naturally because there is a
possibility of distortion after production.

3.2.6 Founding Principles of Invention
It can be seen that at least five inventive principles apply.

a. (12) Equipotentiality - Raise a certain height from the ground to move heavy loads,
and then make it easier to move.

b. (9) Preliminary anti-action - Check the center of gravity before carrying the
baggage.

c. (2) Extraction - Cut out a part of the tree with branches.
d. (27) Cheap short-living objects - Use straw to easily replace major parts.
e. (24) Intermediary - Place a straw cushion on the frame of the frame and on the back

of the person and directly touching the buttocks to make them hard.

In addition, the harmony with the upper system of the human body is outstanding.

3.3 Case: Treadmill

The basic principle of treadmill is known to come from China, but we do not know the
exact time. However, the form and use of Treadmill in other countries have changed a
lot. Since its introduction, it has been improved to Korean type according to the Korean
environment.

3.3.1 Basic Structure of Treadmill
Figure 12 shows the general form of Korean Treadmill.

Fig. 12. Basic structure of treadmill [7, 9]
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The biggest change is to use a tree with two branches so that both of them weigh
the treadmill. The material is made of wood and stone. The end (1) of the armor is
made of iron.

The end portion 1 may be replaced depending on the object to be ground. The
container 6 containing the grain is mostly made of stone and the portion 4 receiving the
rotation and the load of the body 2 is also formed by grooving the stone. Hang the strap
from the transverse support or ceiling to support it, as the person may lose balance
during operation. You can run the grain through your treadmill alone, but you can work
faster if you have 2 or 3 people together. Of course, there is a song to sing while
working with a treadmill.

3.3.2 Application and Change of Treadmill
Figure 13 shows the shape of the change in force that drives the treadmill. Currently,
there is little threshing or crushing using these facilities. But it is an example of using
water instead of manpower. Of course, in countries with windy winds, there is a
structure connected to windmills.

3.3.3 Characteristics of Korean Treadmill and Principle of Invention
At least five inventive principles apply to treadmill.

a. (1) Segmentation - Allows two people to gain weight in the way a person applies
weight.

b. (4) Asymmetry - Asymmetric structure.
c. (8)Counterweight -Counterweight -Counterweight is released afterweight is applied.
d. (19) Periodic action - Periodic action to release and release weight.
e. (25) Self-service - The bottom of the container is narrowed so that the grain is

lowered by self weight in the container.
f. (3) Local quality - The end of the arm that is easy to damage is made of stone or

iron, so it is not easily worn.

Fig. 13. Treadmill action by various hydraulic power [8]
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4 Conclusions

Researching traditional farm tools and various life tools will solve various problems
and see optimized results. The methodology of TRIZ [1] is a problem solving
methodology which is learned from the examination of the patent literature. Especially,
three kinds of agricultural equipments introduced are basically found that five or more
inventive principles are found, and it can be seen that the life span of the technical
system is long by applying various inventive principles.

This study is similar, but the other is to get a clue to solve present and future
problems with real data. TRIZ has derived the methodology from a number of patents
by Alschuller, which has been around for almost 50 years, but is still very useful. This
is a small attempt, but if you study systematically more traditional farm equipment or
systems, I think there is a possibility to find clues to new international issues such as
cyclical economy and appropriate technology. It is similar to the fact that we are getting
a clue to many technical principles and problem solving in nature.

Although some of the representative ones have been roughly reviewed, systematic
research on more can lead to a more desirable solution in which one solution is used
rather than a temporary one, rather than a longer one.
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Abstract. The liquid composite molding family (LCM) includes several pro-
cesses like RTM (“Resin transfer molding”) and VARI (“Vacuum assisted resin
infusion”), to satisfy the requirements of each industry. The objectives of recent
years in the automotive and aerospace industries tend towards better control of
production costs by using of new materials, shorter manufacturing cycles, a
higher level of performance and safety and better environmental respect. In the
automotive sector, a short cycle time and a lower cost equipment are the most
criteria to determine a suitable process, while the quality of the part is the
primary parameter for aeronautical process selection. The main objective of this
paper is to propose and discuss a new design of LCM mold, allowing at the
same time to facilitate the manufacturing process, in particular to reduce the
cycle time and to respect the material’s health by obtaining a part with minimum
defects. This innovation is achieved by using the TRIZ theory (“Theory of
inventive problem solving”), in order to eliminate the contradictions that exist
between the requirements of the two sectors.

Keywords: LCM � TRIZ � Automotive � Aeronautic

1 Introduction

Liquid composite molding (LCM) refers to composite manufacturing processes in
which a fibrous preform material is placed into a mold cavity and a thermosetting resin
with a relatively low viscosity is impregnated the preform until all empty spaces
between the fibers are filled, and finally cured to create a polymeric composite structure
[1]. Due to its capacity to significantly reduce the release of volatile organic com-
pounds (VOCs) to the atmosphere, the LCM manufacturing processes has gained
attention compared with current methods of open molding processes. They have also
been created to overcome the intrinsic weaknesses of autoclave draping processes such
as: their high tooling cost and their long cycle time. The LCM processes are distin-
guishable from each other by the nature of the mold used and the manner of the filling
phase. The LCM mold is divided in two parts, the lower part of the mold is always rigid
but the upper part is possibly be rigid, like in RTM, CRTM and flexible injection, semi-
flexible (RTM-light) or flexible such as in VARTM, VARI and LRI, while the resin can
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be introduced using a combination of a positive injection pressure (use of an injection
machine), vacuum infusion (use of a vacuum pump), and possibly assisted by the
compaction force.

The Resin transfer molding (RTM) is one of the most recognized LCM processes, it
was adopted for composite manufacturing in the mid-1980s. RTM manufacturing
includes several steps. It begins by placing a dry fibrous reinforcement inside a rigid
mold, closing the mold, injecting a liquid resin, curing the resin and finally demolding
the part. Due to its several advantages [2], RTM has received the most industrial
attention [3, 4]. The most important objective of this process is to reduce the time it
takes to fill the mold with resin. This will increase the production rate and reduce
manufacturing costs and also ensure that the fabric preform is completely saturated
before the resin starts to gel [5]. The conventional RTM processes usually have lim-
itations in fabrication large parts due to the cost investments, pressure equipment, and
the process time, that dramatically increasing proportional to the surface area of
composite structures [6].

The vacuum assisted resin transfer molding (VARTM) process was introduced to
overcome these challenges. In this process, a fibrous preform is placed into a mold
cavity, and covers by a flexible polymer film, then a sealant tape is used to adhere it to
the mold in order to avoid air-resin leakage. A vacuum pump is used to evacuate the air
from the cavity, which leads to compact the preform. The inlet gate is opened and resin
impregnates the preform under atmospheric pressure. The main disadvantages of the
VARTM process are: First, the pressure gradient is limited to one atmospheric pressure
so the mold filling is very slow and the filling time increasing proportional to the part’s
dimensions [1], along with the low permeability of typical fiber layers often leads the
resin to not completely fill the mold cavity before the resin begins to gel. To solve these
issues many authors and multinational companies have developed the new variants of
VARTM, like as SCRIMP [7], FFC method [8] and VIPR [9]. However, as all these
variants use only a single rigid side mold, the fabricated part has low dimensional
tolerances due to the non-uniformity of part thickness, and low fiber volume fraction.
These processes have still limited to non-aerospace applications.

The CRTM, compression resin transfer molding, also known as injection-
compression molding (I/CM) [5, 6], is another variant of RTM. In this process, the
upper part of the mold is rigid and moveable in order to increase the fiber volume
fraction and to improve the surface quality of the part. Moreover, it minimizes the
entrapment of air pockets, by applying a compression force that squeezes and displaces
all air and volatiles bubbles out through the vent gate. Also, the CRTM reduces the
injection pressure fill time and gives an answer to limitation of in-plane impregnation
velocity as compared to RTM. The steps for fabricating the composite part by CRTM
are described in details in [7]. Although its advantages, the CRTM needs a high force to
displace the moveable upper mold and to better compress the preform, this leads to
increase the cost equipment and to deform mold walls which influence the part quality.

Chang proposed another variant of VARTM called vacuum-assisted compression
resin transfer molding. This process, has been developed to reduce the mold filling
time, injection pressure and cleaning mold time compared with resin transfer molding.
The vacuum-assisted compression resin transfer molding utilizes a flexible membrane
placed between the upper mold and the mold cavity compared with RTM. Before the
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injection phase takes place, the air is evacuated from the upper mold by using a vacuum
pump which forces the membrane to lift up and to relax the fibers. Thus, the resin can
be easily entered into the cavity. Once enough amount of resin is introduced, a com-
pression pressure is applied on the film that compacts the fibers and conducts the resin
through the preform. Some shortcomings are inevitable including the edge effect and
excess of injected resin. More resin leads to a longer injection and compression phase
and more wastes [10].

The main objective of this paper is to propose and discuss a new design of LCM
mold allowing at the same time to satisfy the requirements of aeronautic and automotive
industries. This innovation is achieved by using the TRIZ theory (Theory of inventive
problem solving), in order to solve the contradictions existed between these sectors.

2 TRIZ Theory

TRIZ is the Russian acronym for the inventive problem solving theory, created and
developed by the Russian engineer G. Altshuller in 1946. Over the past years, TRIZ has
used in different sectors, including electrical Engineering [11], chemical engineering
[12], automotive sector [13], mechanical field [14], and environmental area [15]. Due to
these large scope of applications, nowadays TRIZ has become as one of the most
powerful, popular innovative method. Figure 1 illustrates TRIZ theory methodology.

This method is based on three main phases [16–19]:

Phase 1: Description and understanding of the specific problem
This phase is essential to better understand and formulate correctly the problem, it’s
applicable in four steps:

Phase 3
Phase

2 

Phase
1 

Restructuring of 
the problem

Reformulation of 
the problem

General solutions  

Satisfied? STC operators

9 windows Yes

No

Specific problem Innovative solution

Elimination of 
contradictions

Su-fields

Technical and physical 
contradictions

Contradictions
matrix

Cause-effect 76 standards

Fig. 1. TRIZ theory methodology.
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• The description of the project.
• The analysis of the system.
• The identification of the problems.
• Ideal final result formulation.

During this phase, it’s recommended to use some rules and apply the TRIZ tools
such as, miniature men’s method, STC operators and the nine windows tool that allow
us to avoid psychological inertia.

Phase 2: Formulation and modeling of the problem
It is used to find the contradictions between the parameters of the system by using the
following tools.

• Cause-effect analysis.
• Technical and physical contradictions.
• Substances-field models (Su-field analysis).
• Laws of engineering systems evolutions.

Phase 3: generation of solutions
It allows to solve the previous contradictions and to generate models of solutions by
using the following tools:

• Contradictions matrix.
• Separation principles.
• 76 standards.

3 Description and Understanding of the Specific Problem

3.1 External Functional Analysis

This tool is used to understand why the system exist, in addition to identify the
principal functions (PF) and the constraints functions (CF) related to the system.
Figure 2 shows external functional analysis of LCM processes [20].

CF1

InvestmentRaw materials
(Fiber-Resin)

LCM processes
Product

Environment Ambiance Industry

CF6CF2

PF

CF4 CF5 CF3

CF7

Fig. 2. External functional analysis.
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PF: Transform the raw materials into the desired product.
CF1: Inject and quickly fill the mold without any resin leakage.
CF2: Compact uniformly the fibrous reinforcement.
CF3: Be profitable.
CF4: Resist to the aggressive environment (noise, dust, humidity and other
industrial environments).
CF5: Do not pollute the environment (mechanical noise, Chemical emissions
(styrene)).
CF6: Do not require a huge investment.
CF7: Give a good surface finish and close dimensional tolerances.

3.2 Structural Decomposition

This tool is used to identify all system and subsystems components and their functions.
Figure 3 presents the structural decomposition of LCM mold.

Mold closing unit: Allows to close the mold and ensure a better seal between the
lower and the upper half mold, as well as to obtain a uniform fiber compaction.
Shape unit: Includes two sides of the mold, carved inside them the part shape, the
inlet gates, the vent gates and the sealing tapes.
Control unit: Includes all tools used to measure and control process variables, as
well as give information about system evolution.
Heat unit: Allows to control the temperature of the resin and the mold in order to
govern the resin impregnation velocity during injection phase and polymerization
reaction during consolidation phase.
Injection machine: Permits to store and to transfer the resin and additives from
their separate tanks to the mold cavity.
Mix head: Allows to mix the resin with fillers and additives, and gives to operators
a tool to control and change the velocity of polymerization reaction in the mold.
Automatic injection valves: Are mounted at the injection gates to connect the
metering line. They protect against backflow and generate a defined back pressure.

LCM MOLD

Injection unit Mold colsing 
unit Shape unit Control unit Heat 

unit

Injection unit 

Injection 
machine Mix head Automatic 

injection valve Connectors

Fig. 3. Structural decomposition of LCM mold.
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3.3 Ideal Final Result Expression

In the automotive sector, a short cycle time and a lower cost equipment are the most
criteria to determine a suitable process, while the quality of the part is the primary
parameter for aeronautical process selection. These factors depend on the part
dimension, fill time, cure time, surface quality, dimensional tolerances and fiber vol-
ume fraction. All these dictated conditions include the conflict links and contradictions
that can’t be solved by using only the compromises thinking. The use of TRIZ theory
permits to achieve this goal by proposing a new process capable to satisfy the
requirements of aeronautic and automotive industries.

4 Cause-Effect Analysis

The cause-effect diagram is a TRIZ tool, used to identify the useful and harmful
resources of the LCM manufacturing processes and its environment, as well as to find
the contradictions and conflict links between all parameters mentioned above. Figure 4
illustrates the process of generating creative solutions by using cause-effect analysis.

Final solution

Phase 1

Translation of resources 
into TRIZ parameters

Extraction of physical 
contradictions

Translation the TRIZ 
ideas into real solutionsFormulation of tech-

nical contradictions

Resolution by using 
contradictions matrix

Separation 
principles

Evaluation of the 
solutions

Satisfied?

Yes

No

Cause-effect analysis
(b)(a)

Fig. 4. Cause-effect analysis process (a) by using contradictions matrix (b) by using separation
principles
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In this article, we are interested to utilize cause-effect analysis methodology by
using contradictions matrix (path a). The cause effect diagram of LCM manufacturing
processes is presented in Fig. 5.

4.1 Extraction of Physical Contradictions

A physical contradiction (PC) is a situation in which an engineering system require
contradictory values from the same parameter [21]. In our problem, the physical
contradictions are presented as follows:

PC1: The mold closing force should be high (should exist) to increase the fiber
volume fraction and avoid air-resin leakage, and should not be high (should not
exist) to avoid mold walls deformation and huge cost investment as well as because
it impedes the preform permeability.
PC2: The useful factor (fiber volume fraction) should be high (should exist) to
manufacture performance parts, and should not be high (should not exist) because it
thwarts another useful factors (resin impregnation velocity) and (preform
permeability).
PC3: The manufacture of large parts should exist to satisfy the requirements of
industry and should not exist because it impedes the resin impregnation velocity and
short cycle time.
PC4: The injection pressure should be high to reduce cycle time and increase the
resin impregnation speed and should not be high in order to avoid mold walls
deformation, air-resin leakage and huge cost investment.

Provides something useful
Causes something harmful
Impedes something useful

Use of high injection 
pressure

Preform permeability

Fiber volume fraction

Mold closing force

Resin impregnation 
velocity

Mold walls
deformation

Cost investment

Air-resin 
leakage

Cycle time 

Part dimension
Part performance

Useful
parameter

Harmful
parameter

Fig. 5. Cause-effect analysis of LCM manufacturing processes.
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4.2 Translation of Resources into TRIZ Parameters

In this step, we transform the specific expressions of LCM manufacturing processes to
typical parameters in the engineering contradiction using the 39 universal technical
parameters from TRIZ matrix.

4.3 Formulation of Technical Contradictions

A technical contradiction (TC) is a situation in which the improvement of a function or
the elimination of a harmful effect leads to the unacceptable deterioration of another
function [22]. A technical contradiction is formulated in the following form:

The improvement of (specific expression/TRIZ parameter) degrades (specific
expression/TRIZ parameter).

From the physical contradiction 1 (PC1), we have obtained the following technical
contradictions (TC):

TC1: The improvement of (Mold closing force/Force) degrades (Mold deformation
walls/Stability of object).
TC2: The improvement of (Mold closing force/Force) degrades (Cost investment/
Productivity).
TC3: The improvement of (Mold closing force/Force) degrades (Preform perme-
ability/Convenience of use).
TC4: The improvement of (Fiber volume fraction/Amount of substance) degrades
(Mold deformation walls/Stability of object).
TC5: The improvement of (Fiber volume fraction/Amount of substance) degrades
(Cost investment/Productivity).
TC6: The improvement of (Fiber volume fraction/Amount of substance) degrades
(Preform permeability/Convenience of use).

Table 1. Translation of LCM parameters into TRIZ parameters.

Specific expression TRIZ parameters

Mold closing force Force
Mold deformation walls Stability of object
Air-resin leakage Waste of substance
Cost investment Productivity
Preform permeability Convenience of use
Use of high injection pressure Tension/pressure
Cycle time Waste of time
Fiber volume fraction Amount of substance
Resin impregnation velocity Speed
Part dimension Manufacturability
Part performance Reliability
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4.4 Resolution by Using the Contradiction Matrix

The contradiction matrix is the most recognized TRIZ tool because of its ease of use. In
this matrix, the lines correspond to the parameters to be improved, while the columns
include the parameters which are degraded. At the intersection, the matrix gives one to
four inventive principles for guiding the user to solve this contradiction [23].

Figure 6 shows the distribution of the dominant inventive principles generated by
the contradiction matrix, while Fig. 7 present the distribution of all the inventive
principles generated by the contradiction matrix.

Table 2. The contradiction matrix.
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From these graphs the inventive principles that should studied carefully are:

35: Parameter changes.
10: Preliminary action.
28: Mechanics substitution.
15: Dynamics.
3: Local quality
2: Taking out
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Fig. 6. The distribution of the dominant inventive principle.
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5 Concepts Generation

The application of these Inventive principles allow us to find the old LCM processes as
well as to propose the new LCM mold. Details of the new LCM mold components and
the main stage of the manufacturing cycle will be presented at the conference.

The use of the inventive principle: 35 “parameter changes” with the recommen-
dation “change the degree of flexibility” permits to find the concept depicted in the
Fig. 9.

In the CRTM process, the mold cover is always made of a single rigid part. Thereby
the CRTM needs a high force to displace the moveable upper mold and to better
compress the preform, this leads to increase cost equipment and deform mold walls
which influence the part quality. However, these limitations can be minimized by using
an upper mold made of several pieces that can be articulated separately. This variant
called ACRTM (“articulated compression resin transfer molding”) [24].

The use of the inventive principle: 28 “Mechanics substitution” with recommen-
dation “Use electric, magnetic and electromagnetic fields to interact with the object”
allows us to propose a new variant of VARTM process called “Relaxation-compression
resin transfer molding under magnetic field” as illustrated in the Fig. 10. In this pro-
cess, we only use a single rigid side mold like as in the VARTM processes, that
contains the fiber preform, and it covers by a flexible magnetic membrane, or by using
a vacuum bag including a ferromagnetic sheet, gathered together by an effective glue.
The magnetic field is controlled by the current intensity or by the separated gap
between the coil and ferromagnetic membrane, so as to apply a magnetic force on the
membrane and as a result, move it up to relax the preform or down in order to compress
the fiber reinforcement. Which leads to speed up the impregnation velocity and
increase the fiber volume fraction.

Fig. 8. The CRTM mold. Fig. 9. The ACRTM mold.
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The use of the inventive principle: 15 “Dynamics” with recommendation “divide an
object into parts capable to move relative to each other” permits to generate the process
proposed by Chang, called “PCM: Progressive compression method” [25], as illus-
trated in the Fig. 12. This process belongs to the vacuum infusion processes (VIPs), as
well as it’s an evolution of the flexible injection process [26]. The PCM reduces the
filling time compared to the vacuum infusion processes.

Gantry system CoilDisplacement system Ferromagnetic sheet

Sealant tape

Resin ventMold baseResin inletFabric preformResin vent

Flexible 
membrane 

Fig. 10. Relaxation-compression resin transfer molding under magnetic field mold components

Mold cover Compaction fluid inletCompaction fluid outlet

Mold base Flexible membrane Resin inletResin outlet Fabric preform

Fig. 11. Flexible injection mold components
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6 Conclusion and Outlook

This paper emphasizes the capacity of TRIZ theory to solve the conflict links existed
between the aeronautic and automotive requirements. Moreover, to propose the new
solutions capable to maintain simultaneously the cadence of the automobile and the
quality of the aerospace industries.

To evaluate the efficiency of each solution and its capacity to satisfy the aeronautic
and the automotive conditions we suggest to use the analytical and the numerical
approaches before fabricate the prototypes and going into the experimental approach.
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Abstract. Design Theory and Innovation management theory are commonly
used in many industrial sectors, especially in highly competitive areas with also
the presence of a high level of substitution. Nevertheless, these theories can be
useful as well as a support to decision making in slower paced sectors, as
railways. In this article the case study of various highly innovative projects in
railways sector will be addressed, from the point of view of innovation man-
agement and design theory, using TRIZ and some derivatives as General Theory
of Innovation (G. Yezersky). The systems under analysis are, respectively: High
speed train TGV, 1st driverless metro VAL, tramway ground power supplying,
intermodality solutions, Aerotrain, Personal Rapid Transit, Swiss Metro,
Hyperloop.

Keywords: Disrupting innovation � Railways � Governmental role

1 Introduction

Since the origins, TRIZ theory has been used for solving technical problems [1].
Nevertheless, the application of this theory to other disciplines has been largely dif-
fused, spacing from science, to business and even politics [2, 3]. The scope of this
paper is then to see how TRIZ together with innovation management theory can be
used for decision making and technology forecasting on a specific topic that is the
potential development of disruptive transport systems. In this paper disruptive inno-
vation theory will be introduced, then a general approach to technology forecasting will
be provided, with application to case studies. Finally, comparisons will be done with
some indication for future steps. The systems under analysis are, respectively: High
speed train TGV, 1st driverless metro VAL, tramway ground power supplying, inter-
modality solutions, Aerotrain, Personal Rapid Transit, Swiss Metro, Hyperloop.

2 Disruptive Innovation Theory

The concept of disruptive innovation has been firstly created by Clayton C. Christensen
from Harvard relating the model of innovation to the competitive position of the
company on the market. According to [4] “Disruption describes a process whereby a
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smaller company with fewer resources is able to successfully challenge established
incumbent businesses. Specifically, as incumbents focus on improving their products
and services for their most demanding….Entrants that prove disruptive begin by
successfully targeting those overlooked segments, gaining a foothold by delivering
more-suitable functionality—frequently at a lower price. Incumbents, chasing higher
profitability in more-demanding segments, tend not to respond vigorously..”

This concept is very powerful and at the same time simple: the company has a
limited choice about the kind of innovation to pursue, according to its position on the
market as leader, or challenger. Amongst the case studies cited by Clayton C. Chris-
tensen, the hard disk, milling plants…

Today Disrupting innovation theory is used mostly for strategic planning, in small
and large companies, as INTEL.

3 Design Theory Applied to Technology Forecasting
and Decision Making; Its Coupling with Disruptive
Innovation Theory

As described on a previous article from Bersano, Fayemi et al. [5], most used approach
for forecasting is the classical prospective approach; this has various limitations
(LCPx), that are overcome by the use of logistic curve and TRIZ theory, giving origin
to a New Concept development Approach.

The following figure provides an overview on this approach, structured in various
phases:

• Preparatory phase, in order to understand problem owner goals and expectation for
the study, using Synectics theory [6];

• Phase A-B analysing the product and its surrounding systems, using typical TRIZ
tools as Laws of Engineering System Evolution (LESE), System Operator Tool,
Relevent analysis from GTI [7] and analysing future applications, using s-curves
and expert interviews couples with statistical tool

• Phase C focused on inventive phase for new solutions, using TRIZ
• Phase D concerning the reinforcement of selected inventive ideas and development,

both according to [6] and more in general to Project management best practise [8].

As described in Sect. 2, the disrupting innovation theory can be used to assist the
marketing and strategic process of the forecasting approach. Basically, the alternatives
from the point of view of the company are two:

If the company is leader on the market, an incremental innovation approach will be
preferred; then, all inventive ideas too far from currently in house products and services
will be delayed or suppressed; if the company is an outsider, breakthrough innovation
will be preferred as an internal strategy in order to create a strong differentiation with
incumbents. In the following chapter, an example around railways systems will be
developed (Fig. 1).
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4 Case Study: Railways Transport Systems

Transport systems exist since 10000 years, with the development of first wooden boats
(running on water). Then, from 3000 B.C, it started the development of first wheel
chariots (running on ground). Since then, other transport systems were developed
running over different means, respectively the trains on rails and airplanes on air. Most
recently, a new transportation system has been imagined, the Hyperloop [9]. According
to its inventors, it would be the 5th transportation system beside the existing ones. The
research question posed is then the following: which are the probability of success of
this radically new transport system in and existing and consolidated market? In order to
answer to this question, technology forecasting based on TRIZ and the disruptive
innovation theory will be here applied.

4.1 TRIZ Law 1 Application and Extension

According to TRIZ theory [1], the Laws of system evolution of systems (LESE)
describes the conditions for the best development of systems. As an application
example, the law n°1, describe the main components of a ground transport system. The
following diagram describes the key elements of a transport system for a freight train
and the evolution of systems (Fig. 2).
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Fig. 1. Schematic process for technology forecasting
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In the following tables, the simplified evolution of system’s elements is mapped in
time (for cars and railways) (Table 1).

Analyzing the historically evolution of rail transportation, it is noted that:

• The evolution of the system is linked to the evolution of motor element
• The energy sources and running infrastructure, that are external elements in inter-

face with the law 1 model of the system (i.e. the super system), are critical for the
success of the new system

There is the need to add some external elements of the analysis, to help understand
why some systems survive and other not, behind the technical aspects…this will be
realized using innovation management theory later (Table 2).

Fig. 2. Application of Law n°1 to transport system

Table 1. Elements for Law 1 applied to cars.

System Motor Transmission Tool Control
element

Decision
element

Energy
source

Road Success

Chariot
(3000 B.C.)

Horse
(s)

… Full
wheel

Driver Driver Food Earth Y

(2000 B.C.) Rays
wheel

Driver Driver Y

Cugnot steam
engine (1771)

Steam
engine

Mechanical
transmission

Rays
wheel

Driver Driver Coal N

Car Gas
engine

Mechanical
transmission

Tires Driver Driver Y
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4.2 System Operator Tool Application and Extension

System Operator Tool has been described in [1]. It is well adapted for this kind of
analysis, identifying trends, advantages and disadvantages. The following table is an
extraction of a larger table developed for locomotive for freight transportation.

4.3 General Theory of Innovation Application for Disrupting Value
Chains

The history of innovation is full of failures, even for very promising systems; amongst
most cited failed innovations, Segway, Google Glass, Sony Betamax [10, 11]. Various
scholars analyzed the reason of failure, focusing on innovation value chain [12]. As an
example, let’s take the Betamax. A much better technical system than VHS, capable of
high quality image and sound videotapes, the system was killed by Hollywood because
of the risk of high quality copy of the movies, and by the retailers of video, that were
already equipped with competing VHS system. Others have focused on the structure of
the market and the potential impact on existing value chain, without unfortunately
providing a methodological approach for evaluation. Amongst TRIZ theory and related
developments, there is the Relevent analysis as developed par Yezersky [7]. According
to this tool, the system to be improved is analyzed according to the following elements
(Table 3):

• Identification of real customer and his extra value moment (behind expectations)
• Identification of application scenarios
• Identification of potential problems at different scenarios steps, partial solutions and

secondary related problems
• Selection of innovative problems to be solved

Table 2. Elements for Law 1 applied to railways.

System Motor Transmission Tool Control element Decision
element

Energy
source

Road Success

Locomotive
(1801)

Steam engine Mechanical Steel
wheels

Driver Driver Coal Steel rails Y

Electrical
motor (1834)

Battery N

Catenary
(1881)

Y

Diesel engine
(1931)

Oil tank Y

Shinkansen
(1964)

Catenary
25 kV

Y

TGV (1981) SofA el
motors

Y

Aerotrain
(1971)

Gaz turbine Mechanical Air
cushion

Driver Driver Gaz Concrete
elevated

N

VAL (1978) Automatic Train
Operation

Y

SwissMetro
(2005)

El motors Mechanical Maglev Electricity Vacuum
tube

N
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Due to its clear sequential and logical approach, it is an easy way to represent a
network of problems for a complex system. The following figure is an extraction of a
representation of this analysis applied to the value chain as an example, of Amazon
delivering some parcel to customers. In this example, problems concerning cost of
expedition by rail and distance to loading-unloading are identified, nevertheless the
analysis must include: final customer and all intermediate players and infrastructure
providers (Fig. 3).

Table 3. Elements for Law 1.

Super-system trends System trends Sub-systems trends

– Complete trains terminals
– Simplicity/Performance/
Standardization

– Rail sorting stations
– modernization + reconversion
– fast actions, high performances,
competitiveness
– Mega-hubs development
– Rail terminal and sorting station
– Multimodal (road) terminal
station

– Logistic platform
– European networks
interoperability

– Product used to meet
very high capacity
demand of freight
market

– Provide more safety
and reliable
operation.

– Increase the travels
frequency

– Higher travel speed
– Energy source change
(more sustainable,
renewable energy
sources)

– Increase the autonomy
(possibility of crossing
sections without catenary)

– Need to store more energy
– Need to reduce the losses
– Need to reduce the volume
– Need to reduce the mass
– Minimize the passive
components

– Lighten the transformers
– Active filtration
– Middle-frequency
transformers

– Integration technologies
(converging to digital, full
functional digital
communication)

– Better brake performance
– Distributed traction power

User Amazon

Car emissions
Good (from the 
maker)

Storage

Order

Choose another 
transporta on mode More expensive

Shipping
Transport costs too 
high

Send more 
merchandise 
cost/piece 
(rentability) Ensure enough merchandise to send

Transporta on 
distance too high

Mix several 
transporta on modes Increase the risk of incident

Fig. 3. Application of Relevent analysis on freight transportation (an extract)
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4.4 Disrupting Innovation and the Role of Governments

Disrupting innovation is in general capital intensive; considering the transport sector,
there are various certifications to be obtained before allowing the transportation of
people, and huge validation tests. Therefore, innovators in this field are really crossing
the valley of the death of innovation [13]. In this situation, if the value chain is against a
disrupting innovation, what are the chances of success? A positive outcome to this kind
of innovation can come from the government. According to Mazzucato [14], “gov-
ernment investment played a central role in developing nearly all of the technologies
that make the iPhone a smart phone: the Internet, GPS, touch screens, and the advances
in voice recognition underlying Siri”. It is then possible to create a viability check-list
in order to identify which innovation is more suitable to succeed in a complex and
conservative market as the public transport sector.

The following table is a synthetic check-list for a transportation project, based on
some major innovation in the last 50 years.

The system level involves large value chains to be impacted, then lower probability
of success. The cost is high reduces as well the probability of success. If the innovation
is pushed to an incumbent company, the company will try to disregard it. The state
support is the necessary element for the development of the first transport system, that
if successful it will reduce costs and will become a real competitor in mature transport
world. Based on this analysis, for Hyperloop promoters it is necessary to focus the
activity firstly on finalizing the design of the system (making it work) and in parallel on
a strong lobbying action on regional and national governments (Table 4).

5 Conclusions

The history of TRIZ theory is related to the solution of technical problems, in a market
free environment as former URSS. In this perspective, in classical TRIZ marketing and
company strategy are not considered at all.

Various steps in this direction have been realized in modern TRIZ, and the current
paper is exploring the synergy between different theories with a specific focus at
company strategy for future developments. Specifically, a general approach for

Table 4. Historical analysis on the check-list for success for a new transport system.

Innovation System level Cost Company State support Success

TGV SYS High Incumbent Y Y
VAL SYS High Outsider Y Y
Ground Feed SUB Mid Outsider Y Y
Intermodality SUB Low Outsider Y Y
Areotrain SYS High Outsider N N
ARAMIS PRT SYS High Outsider N N
SwissMetro SYS High Outsider N N
Hyperloop SYS High Outsider ? ?
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technology forecasting is presented, providing a lecture key for companies on the
selection of innovation projects.

Then, a case study is given on railways, started by the questioning about the
potential success of Hyperloop. For this specific point, the need of a governmental
support seems mandatory for the development and penetration of this very innovative
system.

As next steps, the previous table would be enlarged with more case studies, and
would be also adapted to other sectors.
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Abstract. One of the recent issues in education at the university is that
students tend to search to find directly specific solutions to the problems
by Googling. As this behavior prevent students from acquiring expected
educational effect, counter measure is necessary. However, this behavior
is closely related to large change of environment provided by Informa-
tion Technology (IT), finding counter measure is not easy. Therefore, a
study is made on the above issue exploiting TRIZ. From the results a
countermeasure to the above issue is proposed. As relevant conflicting
features are unfamiliar to the teaching stuff, finding conflicting features
and solutions for above problem with TRIZ is discussed in detail to
enlighten teaching stuff, who are unfamiliar to the TRIZ. The problem
introduced by Googling is taken as contradiction between “Saving time
of busy students, and reducing energy consumption at the brain dur-
ing thinking”, and “Productivity, Adaptability or Versatility, Reliability,
Manufacturing precision, and Loss of information”. We found approach
of “exchanging the role of teacher and student” which will encourage
students to widen and deepen their thought, in addition to the ordi-
nary well-known approaches from the study. Finally, additional study by
matrix 2010 proposed by Mann is made and discussed. . . .

Keywords: Conflicting features · Education · Googling · Matrix
2010 · TRIZ

1 Introduction

The important goal of university education is not only to develop wide and
deep knowledge in the specialized field, but to develop student’s creativity
and ability of solving unprecedented problems, or acquiring implicit knowledge.
Recently, students tend to look directly for the specific solution to the problem
by Googling. As this behavior seems strongly related to the changed environ-
ment provided by Information Technology (IT), changing their mind is difficult.
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They are too busy with part-time jobs, in communicating with their friends and
class mates, gaming, and watching movies, etc. This behavior prevents them from
deep and global thinking, acquiring ability of solving unprecedented problems,
and to learn something to develop creativity and implicit knowledge. Therefore,
establishing effective countermeasure is strongly demanded in the university edu-
cation. To find effective solutions to the above issue, TRIZ(Russian acronym for
“Theory of Inventive Problem Solving”) [1] was exploited in the present work.

There may be a question, whether TRIZ framework can be applied to edu-
cational issues, since TRIZ was developed for technical problems based on the
previous inventive ideas in the engineering or science fields. However, one of the
basic ideas of TRIZ is that “someone, somewhere has most likely already solved
something like present problem” [2] and based on the philosophy, that different
disciplines don’t communicate each other, and consequently much re-inventing
is made. In addition, as strategies of TRIZ is highly abstracted, well-structured,
and reduced to be only 40 principles, does help in contradiction elimination
successfully. Considering above features, TRIZ seems also applicable to the non-
technical fields.

Recently works on the business and management are reported [2,3], including
an example of successful, win-win solutions in a business context [2]. Examples
of using TRIZ in the educational field are also found [4,5]. Marsh et al. [4] has
given excellent and helpful work, where 40 principles [1,6] are interpreted to the
education related terms. However, as conflicting features are given as technical
words unfamiliar to the teaching stuff, finding suitable conflicting features are
still difficult for teaching stuff. Therefore, finding effective solutions and showing
some examples of finding conflicting features and solutions for above problem
with TRIZ seems to be valuable. Detailed process is discussed in the following
section. Finally, additional study by using Matrix 2010 proposed by Mann [7],
where parameters related to intangible things are added, on above problem is
discussed.

2 Contradiction Matrix and Analysis

As mentioned above, one of important goal of education at the university is
to achieve student’s creativity and ability of solving unprecedented problems,
and implicit knowledge, which are closely related with the intellectual ability
discussed by Sternberg [8]. In his discussion, the investment theory for creativity
is proposed. According to his theory, the confluence of six resources listed below,
is required.

– Intellectual ability
– Knowledge
– Styles of thinking
– Personality
– Motivation
– Environment
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As our problem seems to be closely related with ‘Intellectual ability”, “Knowl-
edge”, “Motivation”, and “Environment” from above six resources, we will dis-
cuss these four resources. The intellectual ability consists of three skills, the
synthetic skill, the analytic skill, and the practical-contextual skill. He discussed
that synergy of these skills will improve creativity, but lack of any one will hin-
der creativity. To have correct and meaningful results based on the information
by ‘googling’, intellectual ability above certain threshold is required, as shown
in Fig. 1. However, acquiring or improving intellectual ability is not expected
through ‘googling’ to find directly specific solution, where little intellectual activ-
ity is made. Students will develop and acquire their intellectual ability through
hard brain activity and go through barriers where very hard brain activity is
required. This is why ‘googling’ is the problem, and countermeasure is neces-
sary. When a class project is given to the students, they tend to look for the
specific solution directly in the cyber space (Googling). Reasons of this behavior
are as follows: less time due to busy with part-time work, busy on the smart-
phone, cannot see how to approach due to lack of knowledge or background of
the expected level, etc. This is the motivation to try to use TRIZ for solving
above issue.

Fig. 1. Required intellectual skills to have meaningful results by ‘Googling’ and intel-
lectual skills expected to be acquired.

Although there are approaches to develop creativity [8,9], and to develop
creativity is even the most important in education, approaches to creativity is
beyond current scope, and we will focus our discussions to the counter googling
in the present paper.

To use TRIZ to solve above problem, at first two conflicting features have
to be clarified. Then the features closest to the problem is selected out from
the Altshuller’s matrix (39× 39 contradiction matrix) [1,6], where feature to be
improved is given as the row, and feature that is getting worse is given as the
column of the matrix. Several inventive principles are shown as specific num-
bers assigned to the inventive principles at the crossover of matrix. Then these
principles have to be considered and analyzed to choose and focus on several
promising candidates. The final step is finding the ideal final solution by ana-
lyzing and modifying these candidates until the useful practical solutions are
obtained. As TRIZ is highly conceptual and abstracted framework, it is impor-
tant to consider and analyze these candidates from various point. In this step,
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at least some experiences and knowledges of the relevant field are important. In
the present approach, problem introduced by Googling is taken as contradiction
between following features. From the teaching stuff point of view, features to
be improved are, “24 Loss of Information”, “27 Reliability”, “29 Manufacturing
Precision”, and “35 Adaptability or Versatility”. Features getting worse are, “22
Loss of Energy”, “25 Loss of Time”, and “28 Measurement Accuracy”. “Loss of
Information” is related to losing of various knowledges which is to be acquired,
if they take an orthodox way as teachers expect, and expected to be improved.
“Reliability” is related to the quality and reliability of acquired intellectual skill
expected to be improved. “Manufacturing Precision” is related to the quality and
correctness of acquired ability and knowledge, which is the products of educa-
tion. “Adaptability and versatility” is related to the ability of applying acquired
knowledge to solve various problems, including unprecedented problems. Gen-
erally, education to improve above knowledge and ability requires much time
and hard brain activity. Therefore, these activities are considered to increase
time and energy consumption, and let “Loss of Energy”, and “Loss of Time”
worse. “Measurement Accuracy” is related to the evaluation of acquired ability,
which is considered to become more difficult to evaluate with improving ability,
especially acquired implicit knowledge.

So far, study on the change of brain glucose metabolism with cognitive activ-
ity is mainly focused on understanding Alzheimer’s disease using Positron Emis-
sion Tomography (PET). Reduction of brain glucose metabolism from normal
cognition to Alzheimer’s disease [10] is known. Increment in glucose metabolism
(directly connected to energy consumption) by intellectual brain activity is

Fig. 2. Altshuller’s contradiction matrix. Only part of interest is shown.
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reported based on the study on the change of regional cerebral glucose con-
sumption and regional cerebral blood flow [11], though the change is not large
compared with basic brain glucose metabolism at rest. Therefore, assumption of
increasing energy consumption by cognitive activity at the brain seems reason-
able. From the selected conflicting features, candidates to be studied are picked
out from the Altshuller’s contradiction matrix. Relevant part of the matrix is
shown in Fig. 2.

3 Analysis of Principles and Finding Solutions

From contradiction matrix of Altshuller, we can know candidate principles given
at the crossover. From a part of matrix shown in Fig. 2, we can find candidate
principles to be studied. All the candidate principles given in the matrix crossover
of current relevant features are picked up and shown in Fig. 3. From Fig. 3, we
can find several principles related to well known “Active Learning”, and of course
considered to be very effective and useful. However, we are looking for another
more effective solution as countermeasure for “googling” problem.

3.1 Principles for Countermeasure to Googling

We have analyzed ideas of these principles for countermeasure to Googling
through discussions and studies. The specific numbers for the principles are
denoted by the prefixed #. Large part of the ideas was well-known and dis-
cussed among teachers, and thought to be useful. However, we have chosen sev-
eral principles which are considered to be useful approach to improve especially
“Googling” related problems. They are, #1, #13, #26, #28, #32, and #35. Ideas
of countermeasure from these principles are explained below. The first one is to
tear process of solving problems into flow chart to clarify algorithm (# 1), which
will give students chances to recognize and clarify problem solving approach
as algorithm. As this principle comes from contradiction between “adaptability
or versatility” and “loss of energy”, result seems reasonable. The second is to
exchange role of teacher and students (# 13 and # 35), which is considered to
drive students to deeper and wider ranged considerations and will help student
to acquire higher level ability to solve unprecedented problems, as student has to
prepare much more deeper and wider ranged thought and research and materials
to teach, and will raise their motivation. In another word student can acquire
or improve intellectual ability by these approaches. As these principles come
from contradiction between “manufacturing precision” and “loss of time”, and
between “adaptability or versatility” and “loss of time”, results also seem reason-
able. The third is to use computer simulation as replaces of physical phenomena
(# 26 and # 28). As these principles come from contradiction between “loss of
information or manufacturing precision or adaptability or versatility” and “loss
of time”, and between “productivity” and “loss of energy”, suggested principles
also seem reasonable. Although experience on the authentic physical phenomena
is better than simulation, condition settings may be changed easier and much
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Fig. 3. Suggested inventive principles on the Altshuller’s matrix. Cited ideas from
Marsh [5] is indicated by †.

more things could be learned in much shorter time. Through experiences stu-
dents can acquire much better understandings, students can see more various
phenomena and can compare with theory and their knowledge. And in addition,
simulation meets preference of students. If simulation is combined with the lec-
ture on the theory, it will become a very powerful tool for better understanding
for students, and will improve their knowledge and motivation. The fourth is
to use colored texts to clarify cited part in the report (# 32). As this principle
comes from contradiction between “loss of information or manufacturing preci-
sion” and “loss of time”, suggested principle again seems reasonable. This force
student to include much more original thought and materials, which is impossible
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by ‘Googling’ only to find specific solution. This may improve their knowledge
and intellectual ability. Thus, three of the six resources of Sternberg [8] seem
satisfied.

3.2 Improving Evaluation Accuracy

For effective education, evaluation of student’s progress is essential. To improve
evaluation accuracy of the acquired ability of solving unprecedented problems
and implicit knowledge, principles # 1, # 5, # 23, and # 35 are chosen. Ideas
of improving evaluation accuracy from these principles are explained below.
The first one is to tear process of solving into flow chart to clarify algorithm
(# 1). This may help to see the level of student’s understandings and knowledge
level more correctly. The second is to combine lecture with experience, practice,
simulation and discussion (# 5). By discussing with students, student’s under-
standings and knowledge level could be seen more correctly. The third is to make
questionnaire to check understanding status etc. (# 23). This may also be help-
ful to check student’s understandings and knowledge level correctly. The final
one is to exchange role of teacher and student (# 35). From the contents and
way of teaching by students, their understandings and knowledge level could be
evaluated more correctly.

3.3 Application of Simulation to the Oscillatory Phenomena

From above discussions, computer simulation can replace physical phenomena
by electrical data. Although observing authentic physical phenomena is better
than simulation, students can observe much more phenomena. Response of the
system under various expected conditions could be learned easier and in much
shorter time. As a teaching material, oscillatory phenomena, which is seen in
various systems in dynamics, RLC circuits, electro-mechanical system, etc., are
often taken. However, differential equation, necessary to understand these phe-
nomena, sometimes becomes an obstacle for some students who don’t like math.
Therefore, following strategy is taken. First let student to have better under-
standing of phenomena through simulation, and then teach differential equation
to understand the relationship between equations and phenomena. This app-
roach will help students to have better understanding. As teaching materials,
we have used well-known circuit simulator (Spice, developed at the University of
California, and most widely used) to simulate response of RCL circuits and sim-
ple harmonic motion of mass point, as both systems are expressed by the same
differential equation. Difference is only its constants and dimensions. Therefore,
a circuit simulator can be used to simulate both systems. Followings are the
examples of simulated response of RCL circuit, and simple harmonic motion of
a mass point. Simulated current flow for various cases including critical damping,
are shown in Fig. 4. Next example is simple harmonic motion of mass point. The
results are shown in Fig. 5, which is exactly same as the results for RCL circuit,
if m = 1 [kg], γ = 0 − 40 [Pa· s/m], k = 100 [N/m].
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Fig. 4. Current response of RLC series
circuit.

Fig. 5. Mechanical response of horizon-
tal pendulum.

4 Additional Features and Principles from Matrix 2010

In the Matrix 2000 proposed by Mann, conflicting features are increased from
39 of classic TRIZ to 50, and inventive principles are increased from 40 to 82.
Increased features and principles are mainly reflection of recent progress of nano-
and bio-technologies. In addition, intangible parameters, which is related to moti-
vation and discourage or idle feelings, are added. Therefore, as added part is con-
sidered to be strongly related to “Googling Problem”, we have made additional
study utilizing Matrix 2010.

4.1 Contradiction Analysis Using Matrix 2010

Again, from teacher’s point of view, added features to the Matrix 2010 to be
improved are, “11 Information Quantity”, and “47 Positive Intangible Things”.
Added features getting worse is, “48 Negative Intangible Things”. “Informa-
tion Quantity” is related to the acquired amount of ability of solving unprece-
dented problems and amount of the implicit knowledge, and “Positive Intangible
Things” is related to motivation, and “Negative Intangible Things” is related to

Fig. 6. Mann’s Matrix 2010. Only a part of interest, newly introduced, is shown.
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discouraging or lazy feelings. Other features are the same as those of classi-
cal Altshuller’s matrix, discussed in the previous section, though the assigned
numbers are modified.

Relevant part of the matrix is shown in Fig. 6. From a part of Matrix 2010
shown in Fig. 6, some of the candidate principles currently relevant features are
picked up and shown in Fig. 7. From Fig. 7, we have had several new candidates
of countermeasure for “googling problem”. A part of assigned specific numbers
for the principles are modified in Matrix 2010. Again, the specific numbers for the

Fig. 7. Suggested inventive principles on the Mann’s Matrix 2010. Cited ideas from
Marsh [5] is indicated by †
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principles are denoted by the prefixed #. Large part of the ideas was overlapped
with the principles obtained from classical Altshuller’s matrix. However, we have
found several new principles. They are, #6, #7, #12, #17, #25, #37, and #40. Ideas
of countermeasure from these principles are explained below. The first one is
to create purpose of the learning through communicating authentic, real world
experiences (# 7), which will give students chances to recognize purpose clearly
and improve motivation. The second is to use grouping of students whose grades
and activities are similar, to promote discussions (# 12), which will encourage
discussions and will improve motivation of students. The third is to utilize class
room under jamming to prevent students from accessing internet (# 17), which
will physically force to stop “Googling”. The fourth is to get synergy by mixing
motivated students (mentors) with less motivated students (# 37), which will
also improve motivation of less motivated students. From above discussions, we
have reached conclusion, “# 7, # 12, # 37” to improve motivation of students,
and “# 17” to physically prohibit “Googling” as the Ideal Final Result (IFR),
which corresponds to “Environment” of the six resources [8]. These results are
mostly related with the emotional response of students, as expected, and two of
the six resources of Sternberg [8] are realized,

5 Conclusion

From above discussions, exchanging role of teacher and students, and using sim-
ulation to help better understanding of phenomena were chosen as IFR for both
countermeasure to “Googling Problem” and “Correct evaluation”. And exchang-
ing role of teacher and students was again chosen as IFR for “Correct evaluation”.
From these countermeasures, three (intellectual ability, knowledge, motivation)
and as a countermeasure of environment four resources of the six resources of
Sternberg will be satisfied. Remaining two are ‘the styles of thinking’ and ‘the
personality’, and further works for these resources are necessary. Additional IFR
is obtained by using Matrix 2010 of Mann, which is mainly related with emo-
tional response of man. A complete solution of physically rejecting “Googling” is
obtained also by using Matrix 2010. However, this principle comes from the fea-
ture related with emotion, relationship between them is unclear, and still further
work and discussions are necessary.
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Abstract. We started the World TRIZ Sites Project (WTSP) in Dec. 2017 for
the purpose of building catalogs of TRIZ-related Web sites in the World. Getting
support by a number of TRZ colleagues, we started the project to achieve by
voluntary cooperation of many (hopefully about 100) TRIZ colleagues coming
from various countries. Our basic strategy was to build Country WTSP Catalogs
in each country first and then build World WTSP Catalogs by using selected
sites. Japan WTSP Catalog was made and posted in English in Apr. 2018 as an
example. Internet surveys of TRIZ sites located in each country were shown for
33+ countries. Adding new members at TFC2018, we got over 70 voluntary
members from 30+ countries. But the actual WTSP work in individual countries
is proceeding only slowly till recently.
So we started Top-down approaches using Internet surveys in global scale, for

TRIZ sites written in several major languages, and for sites around TRIZ by using
different keywords in wider scopes. We also realized the importance of showing
concrete images of our World WTSP Catalogs and practical processes for
achieving it. Thus we proposed an ‘Ideal image’ in the form of WTSP Database
System and turned it into a simple and feasible structure. Our World WTSP
Catalogs is made as a small Web site, which has ‘Table of sites’ (or Index) page
(s) and many ‘Descriptions of sites’ pages, where many hyperlinks flexibly
connect individual sites from the Index to the Description. Japan WTSP Catalog
(for people in Japan) was rebuilt into World WTSP Catalog (Japan Part) (for
people in the world). Practical Guide for Teams to build the World WTSP
Catalogs is shown with templates and easy processes based on a new strategy “to
list up and describe highly recommendable sites only in each country and to build
the World WTSP Catalogs as soon as possible”.
We are going to report the draft version of World WTSP Catalogs at

TFC2019. Getting Country Editors in every country is the crucial issue.
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1 Introduction: Our Aims and Plans

This is the second report of the World TRIZ Sites Project (WTSP) [1] which was
started in December 2017 [2]. The purpose of the project is to make the information
sources on TRIZ and related methodologies viewable easily at the global scale.

For these three decades, TRIZ has been proliferated widely beyond ex-USSR
across the world. A lot of activities, achievements, and knowledge of TRIZ have been
accumulated, to the extent that their overview is not easily obtainable. There are many
TRIZ-related Web sites in the world, but they are working separately and competing
against one another. Ordinary Internet searches for TRIZ give messy/noisy outputs to
hide valuable information. In this situation, interests in TRIZ in the world seems
decreasing gradually even at the era when innovations are wanted everywhere.

As a solution to improve the situations, we have chosen to survey and build
catalogs of TRIZ-related Web sites in the world. Web sites usually post various
information publicly in the up-to-date form and are accessible freely from anywhere in
the world.

The aims of the WTSP project are shown in Fig. 1 [3].

For achieving these aims, we set up our working plan as shown in Fig. 2.
As shown in these figures clearly, we take the bottom-up approach to build the

Catalogs of TRIZ-related Web sites of individual countries first and then to build the

Fig. 1. Aims of the WTSP project [3]
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Catalog of the whole world. Various Web sites in different languages can be introduced
best by the people in the country (i.e., not by foreigners nor by robots), so we need a
number of people in each country. And we have chosen to carry out all the work on
voluntary basis, as a symbol of collaboration of the global TRIZ community.

Many TRIZ colleagues supported the idea of WTSP. But the difficulty of the project
is clear from the beginning. Talented, active TRIZ people are very busy to work in their
own business, and hence they can spend only little time squeezed in their busy schedule.
Thus our TRIZ solution was to divide various tasks into small ones which can be carried
out by many people in parallel. This solution works well only with high motivation of
people, clear instructions and proper coordination by some coordinators [1].

2 Activities and Achievements in the First Year (2018) [1]

2.1 Organizing the WTSP Project

The idea of WTSP was proposed by Nakagawa in Nov. 2017 in private communica-
tions and also in his several draft proposals to about 100 TRIZ leaders/colleagues in the
world (on the basis of his networks of “TRIZ Home Page in Japan” readers). Having
got support by a number of TRIZ colleagues, he started the project in Dec. 2017 and
sent invitations to them showing basic policies, aims, plans, guidelines, etc. [2]. His
Web site “TRIZ Home Page in Japan” (THPJ) [4] served as the hub for the WTSP
project where all the relevant information, documents, communications, etc. are posted
regularly and openly.

Fig. 2. Working plan for the WTSP project [3]
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WTSP is open to anybody who volunteers to work for its aims in collaboration.
And it expects to have Country Editors in every county and several Global Co-editors
at the global level. About 30 people from various countries expressed their support but
only 10 of them submitted the Membership Application Form. Having obtained 5
Global Co-editors, we sent the WTSP Appeal [5] in Jun. 2018.

2.2 Guidelines and Platform

Nakagawa’s experiences of making “Extended 100 TRIZ Links (with annotation) in
Japan” and “Extended 120 TRIZ Links (with annotation) in theWorld” (2008) [6] formed
the basis of practical process. In order to handle a few hundred of Web sites, Guidelines
and a Platformwere prepared. A standard form in Excel sheet for describing an individual
site, another form in Excel for a list of sites in each country, coding rules offile names, a
standard process of documentation and reviewing in the project, etc. were set.

For allowing parallel and cooperative work by a number of project members, a
platform was prepared using the Bitrix24.com Standard Plan. It is an In-Cloud
groupware system, accepting unlimited number of users (without per-user charge),
providing documentation facilities with freely customizable folder system and version
control, allowing easy communication among the members, having nice user interfaces
and various support of instructions. So it looks very useful and powerful for cooper-
ative work by many members.

2.3 Pilot Project to Build Japan WTSP Catalog

It is most important to perform a pilot project and show a good example as a model.
Thus Nakagawa started to survey TRIZ-related sites in Japan and to make a Catalog.
Since all the TRIZ-related Web sites in Japan are written in Japanese (and only a few of
them have English pages as well), the survey and description were started in Japanese
in mid Jan. 2018.

The Yahoo!.Japan search engine (instead of Google) was selected, because its
option “displaying only one representative page for each site, and forming URL for the
internal search of the site” is very useful. The search was made with the Key-
word TRIZ, giving 400 sites displayed. The output on the browser was Copy & Pasted
onto an MS Word file keeping the hyperlinks active. The sites were visited one by one,
to see the output page, the top page, the ‘About us’ page, and some more main pages.
The site name, site domain URL, owner of the site, the role, special features, etc. were
detected. With these information (together with background knowledge), introduction
of the site was described in 3 to 10 lines and evaluated roughly (either important,
worthy of listing, or irrelevant/no listing). In this manner about 70 sites were selected
from the outputs. By use of his background knowledge he selected about 20 more sites
of relevant methodologies and functions around TRIZ.

Finally a Catalog of 92 TRIZ-related sites in Japan was built in Japanese for
Japanese users in mid Mar. 2018, where the sites are categorized with their roles
(including 24 selected sites as the role of (a) TRIZ information sending sites). The Japan
Catalog was then translated into English with full introduction for the 24 selected sites
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and brief introduction for other 68 sites [7]. It was found that about half of the sites listed
in 2008 have gone or inactive and about 2/3 of the 92 sites have emerged after 2008.

Through this pilot project, it was recommended for the practice of surveying and
site description at the early stages that we should better use free format in MS Word
rather than the formal formats in Excel. The experiences, knowhow, and results of this
pilot project were reported in detail in THPJ [8].

2.4 Preliminary Internet Searches in Various (33+) Countries

Despite showing the results of Pilot project in Japan (Jan.–May, 2018) [8] and the
WTSP Appeal [5] (Jun. 2018), the WTSP project did not start smoothly in various
countries. There were communications from individual persons from time to time
mentioning their own sites or some trials of surveys. Team activities did not start at any
country. In such a situation we prepared for the paper presentations by the 6 Global Co-
editors at Japan TRIZ Symposium (Sept. 2018) and at ETRIA TFC2018 [1].

For the purpose of initializing the survey activities in various countries, Nakagawa
started the Preliminary Internet Searches of TRIZ-related sites in various countries. The
searches were carried out by specifying the (target) site location to be individual
country (intending to make a Catalog of each country). Keyword is TRIZ or TPИЗ. The
site language is taken various ways such as any language, English, Russian, French,
German, etc. depending on the countries. Yahoo!.Japan search engine was used as
before for using advantage of the special option. The outputs on the browser were Copy
& Pasted onto MS Word with active hyperlinks. Many sites, ranging 20 to 100 in
number, are listed in the outputs (sometimes including apparently irrelevant sites,
mostly due to a female singer’s name Triz). Such results in Word, with the note of
search conditions, were sent to the relevant people in each country and posted publicly
in THPJ [9]. Table 1 summarizes the search results for the 33+ countries.

Table 1. Results of Preliminary Internet Searches for individual countries [9]

Region Country (outputs sites - irrelevant sites)

A. Europe Austria (55 - 5), Belgium (51 - 14), Switzerland (48 - 12),
Czechoslovakia (67 - 8), Germany (95), Denmark (33 - 11), Spain
(79 - 37), Finland (33 - 3), France (76), Italy (76), Netherlands (67 -
9), Norway (32 - 25), Poland (76 - 11), Portugal (82 - 62), Sweden
(33 - 6), UK (68)

B. Russia Russia (100)
C. Mid-East Any in Arabic language (55), Iran (72 - 1), Turkey (80 - 1)
D. Asia China (82)(62 - 6), Taiwan (28), Indonesia (40 - 13), Japan (finished),

Korea (72 - 4), Thailand (37 - 7)
E. Oceania Australia (42 - 11)
F. North America Canada (59 - 19), USA (English 86 - 11; Russian 61; Ger. Fr. It.

Sp. 65 - 20)
G. Central & South
America

Argentina (52 - 33), Brazil (96 - 59)

H. Africa Any in Arabic language (55)
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2.5 Presentation and Appeals at ETRIA TFC2018

The ETRIA TRIZ Future Conference 2018 at Strasbourg on Oct. 29–31, 2018 was a
nice chance for promoting WTSP. We, in the name of the 6 Global Co-editors, pre-
sented a full paper [1]. And we prepared a Summary edition of 8 slides printed on both
sides of an A4 paper [3]. Getting a desk at a corner of the hall, Nakagawa talked with
many participants one by one to invite them to join WTSP. About 40 participants
signed in the sheet stating to join WTSP as a Member. This pushed the WTSP project
to a new stage with about 70 Members (including Members to be).

3 Activities and Achievements in the Second Year (Till May
2019)

3.1 Setting Up a Concrete Goal and Bottom-Up Activities

Just after the TFC2018, we set up a concrete goal “To report the completion of the
World WTSP Catalogs (2019) at ETRIA TFC2019 (in Oct. 2019)”. For achieving the
goal, we set up the time schedule as follows:

• Dec. 31, 2018: Formation of WTSP Teams in every country
• Mar. 31, 2019: Completion of Country WTSP Catalogs in every country, for open

reviewing inside the project; First draft of Categorized World WTSP Catalog
• Jun. 30, 2019: Completion of revised Country WTSP Catalogs and Completion of

World WTSP Catalog for open reviewing inside the project
• Sept. 20, 2019: Completion of revised World WTSP Catalogs and revised Cate-

gorized World WTSP Catalog for open public reviewing

WTSP Letters were sent from time to time to Members, Members to be, and
Invitees of WTSP to inform about the TFC presentations, welcoming new Members (to
be), plans and time lines, results of Preliminary Internet Searches, Invitation to WTSP,
Practical ways to form WTSP Teams in each country, Tasks for surveying Sites, etc.
We expected that the WTSP project was starting their activities in various individual
countries, along the bottom-up process for building the Country Catalogs and then the
World Catalogs.

Actually, however, the process of forming the WTSP Teams in individual countries
did not start smoothly. Many of the people who stated to join WTSP at TFC2018 did
not submit the Membership Application Form. In mid Jan. 2019, WTSP posted in
THPJ its List of Members having 78 Members (including about 40 Members to be)
from 29 countries/areas. Country Editors were assigned in 10 countries, i.e., Austria,
Czech Rep., Spain, France, Portugal, Iran, China P.R., Japan, Malaysia, and Brazil.
Some preliminary activities were reported in France and Germany. Team formation
was especially difficult in the two important countries, Russia and USA, because of
their big activities in TRIZ.
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3.2 Top-Down Surveys of TRIZ-Related Sites in the World

The bottom-up activities in various countries seemed to be very weak even in late Mar.
2019, near the scheduled date for the completion of Country WTSP Catalogs. For
supporting the activities from a different side, Nakagawa started Internet Surveys in the
top-down direction [10]. TRIZ-related sites in the world were surveyed without
specifying the site location, but specifying the site languages. The results are sum-
marized in Table 2.

For these Internet Surveys, the Yahoo!.Japan search engine was used as before. The
output sites were visited quickly to find Site name, Site domain URL. The internal site
search was carried out for all the sites, and the number of pages hit with the keyword
TRIZ in the site was shown for each site. In the cases of survey of sites written in
English, the sites were visited more closely and were evaluated tentatively in 5 grades;
i.e., ◎ Most important in the World Catalog (i.e., about top 30), ○ Important in the
World Catalog (i.e., about top 100), □ Worthy in the World Catalog, Δ Worthy in
Country Catalog, – Irrelevant/negligible. As you see in cases (2A) and (2F), the output
sites are (almost random) mixtures of very high to very low grades in their
quality/relevance.

These results were posted in detail in THPJ [10] and sent to relevant people asking
for their further work. Michael Orloff’s reaction may be typical and important. He
found the results for the Russian language sites (2B1) messy, and took a different
approach as shown in (2B2). He listed up 26 Web sites of TRIZ professionals using his
background knowledge, and also listed 49 users’ sites/pages he recognized in various
searches. Later, Nikolay Shpakovsky reviewed (2B1) and (2B2) and showed a revised
list as in (3B3). Cases in other languages are under examination by the people in the
relevant countries.

In May 2019, Nakagawa started the 3rd round Internet Surveys for extending the
scope of methodologies wider around TRIZ. For such a purpose the choice of key-
words is delicate and important. Results of initial trials are shown in Table 3 [11].

Table 2. Results of Internet Surveys in the global scale [10]

Case Site location Site language Keywords Sites found (with evaluation)

(2A) World English TRIZ ◎ 6, ○ 13, □ 29, Δ 33, – 25
(2B1) World Russia TPИЗ 106 sites
(2B2) 26 selected professional sites

+49 user pages
(2B3) 35 selected professional sites

+73 user pages
(2C) World German TRIZ 107 sites, – 7 sites
(2D) World French TRIZ 90 sites, – 8 sites
(2E) World Spanish/Portuguese TRIZ 50 sites, – 73 sites
(2F) USA English TRIZ ◎ 6, ○ 11, □ 27, Δ 24, – 22
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When a wild card * is used in the keywords (3A), the search engine interpreted it
very widely, including the words: make, build, believe, way, etc. The keywords in
cases (3A2) (3B) and (3C) seem to be productive. We have two more cases (3D) and
(3E) of surveys, which seem useful but taking much time and efforts for examination.

3.3 Proposal of WTSP Database System for Generating Categorized
World WTSP Catalogs

At the stage of late Mar. 2019, a few hundred of Web sites were expected to be shown
in our World WTSP Catalogs. How should we categorize and arrange them in the
Catalogs? Alphabetical order of the site names? Arranging by countries? In which ways
users want to use the WTSP Catalogs? – Considering these issues, we have found that
users want to see the contents of WTSP Catalogs from multiple views of aspects. As
such aspects we listed up Site location, Site language, Roles of the site (or site owner),
Application phases, Application fields, Methodologies, and Evaluation. Thus it is
desirable for us to be able to categorize and arrange hundreds of sites in these multiple
views of aspects as requested by the users.

In late May 2019, Nakagawa proposed a conceptual design of WTSP Database
System as illustrated in Fig. 3 [12].

The system installs multiple sets of Indexing Schemes [13], or aspects of views, as
shown at the top. It is important to set and define these schemes systematically yet
practically. The data of individual sites should contain the information as shown at the
bottom. All the sites registered in the database should have records in the Flat Table of
all the sites, with the attributes of basic information, Answers to the multiple sets of
indexing schemes, and hyperlink to the site description.

The system may be used as the WTSP Catalog Generator, where a user (or Catalog
Editor) inputs the control specifying a hierarchical indexing scheme for extraction,
categorization, and arrangement of sites. Then the Database Indexing System inside the

Table 3. Results of Internet Surveys in wider scopes of methodologies [11]

Case Keywords Sites found (with evaluation)

(3A) Creat* Think* Method* ◎ 1, ○ 4, □ 15, Δ 3, – 84
(3A2) Creative Think Method ◎ 1, ○ 15, □ 65, Δ 31, – 56,

L (Listed already elsewhere) 15
(3B) (Creative OR innovative OR Systematic) Problem

Solve (Method OR Process OR Technique)
◎ 10 (L 8), ○ 26 (L 7), □ 64
(L 7), Δ 32 (L 1), – 39

(3C) Innovation (Process OR Strategy OR Method OR
management OR Technology)

◎ 3 (L 3), ○ 36 (L 11), □ 76
(L 8), Δ 70 (L 0), – 19

(3D) (Quality OR Value OR Cost OR Productivity)
(Deploy OR Engineering OR Management OR
Control OR Analysis) (Method OR Technique OR
Theory OR Process OR “Case Study”)

223 (under examination)

(3E) (Patent OR IP OR “Intellectual Property”)
(Analysis OR Protect OR Circumvent OR
Mapping OR Strategy)

186 (under examination)
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WTSP Database system operates on the temporary copy of the Flat Table to select,
categorize, and arrange the sites as specified, by using the function just like Excel’s
sorting algorithm. Thus the Index form of WTSP Catalog is output, and then the WTSP
Catalog may be output by inserting the Description of the sites.

We should note that the WTSP Database System can also be used as an On-line
Query System. Users request some categories of sites, and the System outputs Brief
Index of WTSP sites in the specified categories, and Brief WTSP Catalogs of specified
categories further.

Fig. 3. Conceptual Design of WTSP Database System [12]
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Once this System is installed, the WTSP project can concentrate their efforts to
survey, describe, register, and update the TRIZ-related sites in the world, because the
system can generate World WTSP Catalogs semi-automatically with the registered data
of sites.

4 Practical Approaches for Completing the World WTSP
Catalogs (Since June 2019)

4.1 Reconsidering the Difficulties

As described so far, the WTSP project have developed the visions, guidelines, project
teams, processes, methods, etc. step by step for building the Country and World WTSP
Catalogs. However, our project is much behind the time schedule for completing the
World WTSP Catalogs before TFC2019, to be held on Oct. 9–11, 2019. The weak
point of our project is the fact that in many countries the WTSP Teams are not formed
well and not working actively.

The problem situation is “Many people support the aims of the WTSP project, but
very few actually join to work together”. And the main reason for it is “Talented, active
persons in TRIZ are always too busy”, as known from the beginning. Considering the
reasons further, we have found the following points.

(a) The WTSP Database System is a proposal of an ‘Ideal form’, which is not feasible
in a few months. We need to find some structure of the WTSP Catalogs, which is
clear, practical, easy to build and update, and allowing integration of parallel
works by many Teams of various countries.

(b) We need a prototype of World WTSP Catalogs. Japan WTSP Catalog [7] is for
people in Japan and not appealing to people in the world. We need “World WTSP
Catalog (Japan Part)” containing sites selected for the people in the world.

(c) Trying to make Country WTSP Catalogs with thorough survey is a heavy task in
each country. At the stage of June 2019, we should change our basic strategy to
focus our efforts on the World WTSP Catalogs, containing selected, smaller
number of sites from various countries.

(d) We have not seen actual image of the World WSP Catalogs yet. What kinds of
sites are actually arranged in the◎ and ○ levels. People want to see them, even in
a rough draft. Thus, we should better apply the “20–80 Principle”, i.e., “Do the
rough but essential 20% efforts and get the 80% results”.

(e) On the basis of (a) to (d), we need to have a Practice Guide for the WTSP Teams
in various countries to contribute actively to achieve the World WTSP Catalogs
together. It should have step by step instructions to prepare for the manuscripts of
their own parts of the World WTSP Catalogs.

(f) We should have two-step plan. A preliminary version of World WTSP Catalogs
we should make first as a draft containing smaller number but important sites.
Then we will make revised and enhanced versions of World WTSP Catalogs.
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(g) Many TRZ colleagues, when they look at these visions and strategies, will be able
to see their own tasks and feasibilities to achieve the WTSP goals meaningful for
themselves as well as for the world.

All these new tasks and strategies have been pursued since June 2019, as described
in the following sections.

4.2 Structure of the World WTSP Catalogs, Practical and Useful

Considering to make the ‘ideal’ WTSP System (Fig. 3) more practical and feasible
without assuming a new automating system, we reached the structure shown in
Fig. 4 [14].

The right part of Fig. 4 is a simple collection of files of ‘Descriptions of sites’
submitted by various Teams. Each Team makes a Word file, where various sites may
be written in the standardized tabular form or in more relaxed ways, and convert it into
an HTML file.

The left part of Fig. 4 is the Index of the WTSP Catalog, which corresponds
essentially to the ‘Flat Table of all the sites’ in Fig. 3. Individual WTSP Teams submit
‘Flat Table of sites’ in Excel, and all the tables are merged into one Flat Table. Then the
Table is sorted and rearranged manually in Excel in various hierarchical ways, and is
converted into an HTML page.

Each Team, before submission, should set hyperlinks from individual site in the
‘Flat Table’ to actual description of sites in the ‘Descriptions of sites’ file. Hyperlinks
have a big advantage that their links are flexibly connected even though the sites are
rearranged in any manner in the Flat Table (or the Index) or the site descriptions are
rearranged in the ‘Descriptions of sites’ files. This structure also allows to revise and
add site descriptions afterwards and to make multiple Catalog Indexes by rearranging
the sites in the Flat Table in different ways.

Fig. 4. Structure of the World WTSP Catalogs [14]
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The completed World WTSP Catalogs may be posted as a small Web site (and even
delivered easily in a folder) containing one (or multiple) Index page(s) and many pages
of site descriptions. Users may read the Index page of many sites arranged in some
systematic manner, and may click any site to read some more details of the site. Users
may also read the ‘Descriptions of sites’ pages, where sites are arranged in a manner the
Team of a country or the editor of a top-down survey supposed best.

4.3 World WTSP Catalogs (Japan Part) Instead of Japan WTSP
Catalogs

All the 92 sites in Japan WTSP Catalog (i.e., WTSP Catalogs of TRIZ-related sites in
Japan for the people in Japan) have been re-evaluated in the criteria of World WTSP
Catalogs. The results [15] are summarized in Table 4.

The sites in the left column are more or less specialized in TRIZ. They include 1 ◎
site, 6 ○ sites, and 5 □. They are mostly TRIZ promotors and consultants. The sites in
the right column are related to the methodologies around TRIZ, in the sense that they
share nearly the same interests and goals with TRIZ. Most of them are national gov-
ernmental organizations, academic or professional associations of methodologies close
to TRIZ, and universities with special research/teaching activities in the field of creative
thinking.

The * marks mean that they are not selected in the 24 sites in the Japan WTSP
Catalogs. Among the 24 selected sites in the Japan WTSP Catalog, 11 sites will not be

Table 4. Sites to be included in World WTSP Catalog (Japan Part)

Sites in TRIZ Sites around TRIZ

◎ TRIZ Home Page in Japan
(Toru Nakagawa)
○ Japan TRIZ Society (NPO)
○ IDEA Co. (Mamoru Zenko)
○ MOST LLC
(Kazuya Yamaguchi)
○ Ideation Japan Ltd.
(Teruyuki Kamimura)
○ TRIZ Study
(Shinsuke Kurosawa)
○ Monodukuri.com
(Osamu Kumasaka)
□ (Former) Japan TRIZ CB
□ Cybernet System Co. Ltd.
□ Pro-Engineers
(Shigeru Kasuya)
□ Idea Plant (Rikie Ishii)
□* MEMODAS
(Kimihiko Hasegawa)

○* Idea Marathon Institute (Takeo Higuchi)
□ J-STAGE (JST)
□ Daiichi Kousha (Akihiro Katahira)
□* Netman (Ken-ichi Nagaya)
□* JST (Japan Science & Technology Agency)
□* NEDO (New Energy and Industrial Technology
Development Organization)
□* Japan Creativity Society
□* JUSE (Union of Japanese Scientists & Engineers)
□* JSQC (Japanese Society for Quality Control)
□* SJVE (Society of Japan Value Engineering)
□* JIII (Japan Institute of Invention and Innovation)
□* JAIST (Japan Advanced Institute of Science &
Technology)
□* i.school, The University of Tokyo
□* Keio SDM, Keio University Graduate School
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shown in the World WTSP Catalogs. Many of them were active in ‘90s and ‘00s but
not much in ‘10s. And 3 knowledge-sharing sites. i.e., Wikipedia, YouTube, and Slides
Share, are also dropped because they are certainly shown as ◎ sites in the
World WTSP Catalogs principally based in USA.

4.4 Practice Guide for Preparing WTSP Catalogs in Various Countries

The new Practice Guide was first written in early June and revised little by little until
mid-July [14]. It describes how to form WTSP Teams and how to prepare the
manuscripts of the World WTSP Catalogs. The basic points are described below along
the process.

(1) To get people as voluntary WTSP Members and form WTSP Team with a
coordinator

This is the initial step of our process. Even though we meet much difficulty at this
step in many countries, we need to keep trying various activities, as discussed so far.
They include:

You are invited to understand the aims, visions, significance, importance, etc. of the
WTSP project, by referring to our Appeal [5] and Summary slides [3].

You may look at the prototype examples of WTSP Catalogs, such as World WTSP
Catalog (Japan Part) [15] and some others coming soon, and compare them with some
simple lists of TRIZ links and also with messy/noisy outputs of internet surveys. You
may learn many interesting examples of sites in the WTSP Catalogs which were not
known much so far. Then you might realize the importance of introducing good TRIZ-
related sites in your own country to the people in the world.

You may study the structure of WTSP Catalogs and the basic process for listing up
the sites and describing the site introductions [14]. Then you might understand that the
tasks for you (and your TRIZ colleagues in your country) is to make the manuscripts of
your Country Part of World WTSP Catalogs and that such tasks can be achieved in
cooperation with your TRIZ colleagues in your country without so much burdens.

Then you would eventually find that the merits and significance of contributing to
the World WTSP Catalogs by making manuscripts of your Country Part is certainly
greater than the efforts and time you need to spend for making the manuscripts. At such
a stage you are welcome to join WTSP together with your colleagues and form a WTSP
Team for your country.

You would naturally agree that a group of several people need a coordinator for
working effectively in cooperation. In WTSP, Country Editor plays the role of a
coordinator. The coordinator must understand the vision, tasks, processes, etc., and
coordinate the members in their work, i.e., dispatch various tasks to the members and
integrate the results by the members, etc. Since WTSP is operated entirely on a vol-
unteer basis, getting a Country Editor is most important for the activities in each
country.

(2) List up candidate sites, by recommendations and by Internet surveys
An easy and best way to list up candidate sites is getting recommendations from

many TRIZ colleagues in your country. Using a template in our Practice Guide [14],
list up a number of candidate sites by the Team members and send the list to other
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keypersons as widely as possible, asking them to list up some more. This process is
usually good enough for listing up candidate sites to be included in the World WTSP
Catalogs.

If you want to find useful TRIZ-related sites thoroughly, e.g., to make a complete
Country WTSP Catalogs, you need to make Internet surveys. When you make a survey,
using the keyword TRIZ for example, you will find that the search engines produce a
flood of information, which is messy and noisy and hiding useful information. A lot of
experiences and obtained knowhow are described in Nakagawa’s reports [8–11].
Because of so much noise in the Internet searches, WTSP members in many countries
were discouraged so much and quitted/postponed their WTSP activities. This is the
biggest reason for our failure in the initial Bottom-up Approaches, i.e., to make
thorough Country Catalogs and then go to (Country part of) World Catalog with
selected sites. Thus we recently shifted our strategy to make efforts for building the
World WTSP Catalogs first, with the manuscripts from countries containing the sites
recommended highly as explained above.

(3) Describe individual sites, either by the site owners or by other surveyors
Now we should describe individual sites one by one as the manuscripts to be shown

in the WTSP Catalogs. We may use the template of Site Description posted in the
Practice Guide [14].

It is best to get the site owner fill in the template. The mandatory information is Site
name, Site domain URL, Site location, Site language, Roles of site, Evaluation, and
(most desirably) Description of introduction. Sometimes an organization/company
operates their sites in multiple countries, in multiple languages, and hence with dif-
ferent URLs and different site names; in such cases we may show the representative
one(s) as the site in the World WTSP Catalog, with information of subsidiary sites
attached. Roles of site should be expressed according to the codes specified in the
‘Multiple sets of Indexing Schemes’ shown in [13]. Typical roles may be: (a1) Ded-
icated for information sending, (e1) Method developers, (e4) Consultants, (g3)
Knowledge sharing, etc. Description of introduction may be written in free format in
about 3 to 10 lines.

In cases when we need to describe any site, it takes much time for us to visit the site
to understand it and describe it concerning to the items in the standard format. You may
learn Nakagawa’s experiences and know how [8–11, 14]. Typically, we visit a page of
the site (with the key of Internet search output), then go to the top pages, ‘About us’
pages, and a number of principal pages. Carrying out a site search (i.e., Internet search
of relevant pages inside a specified site) is useful. Excerpts from top pages and ‘About
us’ pages may be useful as a quick alternative of the site introduction. Evaluation of the
site is a delicate job, but necessary even as a tentative one for us to proceed to build
WTSP Catalogs. For only the sites with evaluation ◎○□, we should describe the site
closely.

(4) Making ‘Flat Table of sites’ as the manuscript of World WTSP Catalogs
You gather the descriptions of sites of high evaluation (◎○□) in a Word file. And

you make a ‘Flat Table of sites’, using the template in Excel shown in [14]. Basic
information of site in the standard format can be used to fill in. Site code is a numbering
given to the sites in some proper way for managing the sites, and a hyperlink is set with
it for referring to the site description. (Note that numbering itself is not so important
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because the sites are rearranged in the WTSP Catalogs in various ways by use of other
items in the Flat Table.)

(5) Build and check Your Part of World WTSP Catalog as a small Web site
You now convert your ‘Flat Table of sites’ file and ‘Descriptions of sites’ file into

HTML (i.e., Web pages). Then at the beginning of each site description, set an anchor
point having the ID of the Site code. Put the two pages in a folder and test that every
hyperlink in the Flat Table (i.e., Index) page jumps to the proper description of sites. In
this manner, you now have a small Web site of Your Part of World WTSP Catalog.

(6) With your manuscripts the World WTSP Catalogs are now completed
You should submit your Flat Table file in Excel and Descriptions of Sites file in

HTML to the WTSP Project. Integrating many such parts, World WTSP Catalogs can
be built as shown in Fig. 4. The results of top-down Internet surveys will also be
important parts of the World WTSP Catalogs. Handling duplications of sites in many
manuscripts of parts may be a tedious issue. It is possible to make multiple sets of
Index of World WTSP Catalogs by simply using different sorting of sites in the Flat
Table.

4.5 Plans of Preliminary and Completed World WTSP Catalogs

On the basis of our new strategy (especially based on the “20–80% principle”)
described so far, we have just announced our concrete 2-step plans as follows:

(A) First Preliminary version of World WTSP Catalog:
Containing sites evaluated as ◎○ only.
Manuscripts due: Jul. 28, 2019; Completion/Posting: Aug. 4, 2019;

(B) Second (and last) Preliminary version of World WTSP Catalog:
Containing sites evaluated as ◎○□.
Manuscripts due: Sept. 15, 2019; Completion/Posting: Sept. 30, 2019

In the current situations of WTSP Teams in many countries, we expect not so high
quality in (A), but after people see it they will contribute to make (B) much improved.

After the presentation and discussions at ETRIA TFC2019 and reviewing
(B) closely, we should better complete the World WTSP Catalogs:

(C). First Edition of the World WTSP Catalogs (2019):
Containing sites evaluated as ◎○□.
Manuscripts due: Nov. 15, 2019; Completion/Posting: Dec. 10, 2019

5 Concluding Remarks

5.1 Necessity of Collaboration of Human Work

As described so far, the WTSP project has been working to show the visions and their
significance, the structure and its building process, prototypes and actual processing,
etc. and to convince TRIZ colleagues to work together. It is clear we still needs some
more time for getting voluntary contributions by many people.
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We would like to mention again the basic points of needing collaboration.
Because of language barriers and necessity of handling a huge amount of infor-

mation, any person can survey only some limited range of Web sites for durable
spending of time and efforts. It is the first responsibility for the site owners and then the
people in the same country to introduce their sites. Even they did so, editors and writers
of the World WTSP Catalogs can visit, understand, and evaluate only some portions of
sites in the Catalogs. Thus, it is very delicate to be fair in selecting, introducing, and
evaluating all the sites in the World WTSP Catalogs. Cooperative work by many
people in the preparation is of course necessary. Reviews by many people and
suggestions/recommendations by them need to be reflected in the revision process. This
implies that the quality and usefulness of World WTSP Catalogs can be improved only
by keeping update with global cooperation.

For avoiding the hard tasks in surveying, describing, and evaluating many sites,
some people suggest to use AI or software robots. But we should realize that the current
difficulty of surveying significant sites comes from the poor quality in the Internet
surveys. Unfortunately, the current software technology (including AI) can’t make
introduction of a site with satisfactory quality and can’t select good sites in a topic. The
flood of messy/noisy outputs of internet surveys shows us we can’t use AI at moment.
We should better rely on our colleagues’ professional ability for describing site
introduction and selecting good sites.

Thus it is clear that getting good voluntary members and especially good Country
Editors is most crucial for the success of our WTSP Project.

5.2 TRIZ Spirits in the WTSP Project

We believe that our WTSP Project has its basis on the TRIZ Spirits. Namely,

(a) To have a vision, to overcome difficulties one by one, and to achieve the goal.
(b) To divide the tasks appropriately and to divide the systems appropriately as well,

in order to build the overall system functioning effectively, and consequently to
make the work by all the cooperating people fruitful.

(c) To build the Catalogs of Web sites in the whole world in the areas of TRIZ and
related methodologies, to connect the activities, accumulated knowledge, and
results by the huge number of people working in such areas, and to form a basis
for developing and proliferating such methodologies further in mutually cooper-
ating ways.

(d) To promote the project by relying on the passion of those people in the world who
are inspired with TRIZ and holding TRIZ as their important guiding principle.
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Abstract. The 40 Altshuller Inventive Principles with numerous sub-principles
remain over decades the most frequently applied tool of the Theory of Inventive
Problem Solving TRIZ for systematic idea generation. However, their applica-
tion often requires a concentrated, creative and abstract way of thinking that can
be fairly challenging for the newcomers to TRIZ. This paper describes an
approach to reduce the abstraction level of inventive sub-principles and presents
the results of the idea generation experiment conducted with three groups of
undergraduate and graduate students from different years of study in mechanical
and process engineering. The students were asked to generate and to record their
individual ideas for three design problems using a pre-defined set of classical
and modified sub-principles within 10 min. The overall outcomes of the
experiment support the assumption that the less abstract wording of the modified
sub-principles leads to higher number of ideas. The distribution of ideas between
the fields of MATCHEM-IBD (Mechanical, Acoustic, Thermal, Chemical,
Electrical, Magnetic, Intermolecular, Biological and Data processing) differs
significantly between groups using modified and abstract sub-principles.

Keywords: TRIZ Inventive Principles � Engineering creativity � Ideation
performance � Automated invention

1 Introduction

The theory of inventive problem solving TRIZ developed by Altshuller and his co-
workers [1] is considered as one of the most organized and comprehensive method-
ologies for invention knowledge and creative thinking [2], as confirmed by the analysis
of the top cited scientific publications on innovative design [3]. The engineering
educators have gathered considerable experience in different education approaches in
the systematic innovation with TRIZ [4]. As engineering curricula are tightly packed
with subjects and offer little room to TRIZ, it is necessary to successfully embed the
TRIZ tools into existing engineering subjects. Recent experiments indicate that
effective idea generation with simple TRIZ heuristics of the eight MATCEM-IB fields
(Mechanical, Acoustic, Thermal, Chemical, Electric, Magnetic, Intermolecular and
Biological) can be successfully taught in just one or two hours [5]. The fast-to-learn
ideation technique based on five cross-industry analogies, corresponding to TRIZ
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feature transfer, function-oriented search, scaling and biomimetics, significantly
improves idea generation outcomes both in the quantity and variety [6]. Among other
TRIZ tools, the 40 Inventive Principles are most frequently used in practice. Inventive
Principles are simple to modify for a specific technical domain and can be easily
integrated in brainstorming. There are also many proposals of examples illustrating the
breadth of application of Altschullers’ original 40 Inventive Principles [1] in specific
engineering domains, such as electronics, chemical engineering, food processing,
ergonomics, maintenance, software engineering etc. 40 Inventive Principles have been
updated or extended with new sub-principles in the recent years, as shown for example
in [7]. One of the latest updates [8] contains 160 sub-principles with nearly 70 addi-
tional sub-principles relevant for process engineering.

However, the application of Inventive Principles often requires simultaneously a
concentrated, creative and abstract way of thinking that can be challenging for engi-
neering students or newcomers to TRIZ. For example, the abstract term “object” used
in sub-principles may be understood as a system, system component, substance, pro-
cess or process step, or any other material or virtual object. Also, the abstract definition
of “action” can be understood as function, positive or negative effect or any interaction
between the objects. Therefore, the outcomes of ideation work with the TRIZ Inventive
Principles may depend on a certain interpretation of the abstract terms. Thus, the
research goal of the presented study is to analyze how the level of abstractness in
formulation of inventive sub-principles can influence the ideation productivity and
variety.

The sub-principles can be understood as inventive operators for transformation of
technical systems or heuristics for idea generation. In this context, some of the
inventive operators are more specific and can be clearly assigned to at least one of the
MATCHE-IBD fields, where D – is the abbreviature of Data processing or Information
field. There is also a group of generally formulated sub-principles, which are inde-
pendent of any field and hence may have a higher level of abstraction. Thus, the
application of field-oriented (specific) sub-principles and of field-independent (general)
sub-principles can have different impact on ideation outcomes. The distribution of the
160 sub-principles [8] over the nine MATCEM-IBD fields is presented in Fig. 1.

It can be assumed, that the difficulties in the interpretation of the abstract recom-
mendations in sub-principles can be higher by the application of more abstract field-
independent sub-principles. In Fig. 1 the 160 sub-principles are assigned to 11 cate-
gories. The category “Independent” includes 36 sub-principles, which don’t relate
directly to any field or engineering domain, like for example (1a) Segment object. The
idea generation with these field-independent sub-principles doesn’t compulsorily lead
to a change of the “field” in the working principle of a technical system. The category
“Universal” includes 29 field-universal sub-principles which can be assigned to any of
the MATCEM-IBD fields. The remaining 95 sub-principles are distributed with mul-
tiple selection between MATCEM-IBD fields.
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This paper presents and discusses the results of the experiments that were con-
ducted with the undergraduate and graduate students in mechanical and process
engineering in 2019. In total 194 single experiments engaged students from different
years of study in order to establish the correlation of a number and the breadth of ideas
proposed with applied ideation techniques. The students were asked to generate
solution ideas for three pre-defined problems using in total 15 different sub-principles,
i.e. with 5 sub-principles for each problem. The original abstract formulation of sub-
principles was offered in 97 experiments, whilst other 97 experiments were carried out
with the modified “less abstract”, version of the sub-principles. In the modified sub-
principles, the abstract terms “object”, “action” or “function” were replaced with a
context-specific name of a real system component, real function or action in order to
reduce the level of abstractness as proposed in [9]. The authors wanted to prove the
hypothesis, whether the use of modified inventive principles with less abstract wording
helps students in generating more ideas with higher breaths in comparison with
application of originally formulated TRIZ Inventive Principles.

2 Experimental Methodology

Three groups of students from the Offenburg University participated in the experi-
ments. Forty undergraduate students from the group 1 were in their 4th or 5th semester
of the Bachelor of Mechanical or Process Engineering Degree. The group 2 contained
23 students enrolled into the Master Degree in Mechanical Engineering (8th and 9th

study semesters). The group 3 consisted of 34 undergraduate students that were in their
4th semester in the Bachelor of Mechanical Engineering Degree. All the groups were
involved in the experiments at the beginning of the scheduled tutorial classes and
were not get acquainted with the TRIZ Inventive Principles beforehand. Experiment

Mechanical 26%

Acoustic 2%

Thermal 9%

Chemical 12%Electrical and Magnetic 7%

Intermolecular 7%
Biological 0,5%

Data processing 3%

Universal 14,5%

Independent 18%

40 TRIZ Inventive 
Principles with 160

sub-principles

Fig. 1. Distribution of the 160 sub-principles over specific MATCEM-IBD fields, field-
universal and field-independent categories.
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participation was voluntary, and the number of participants deviated slightly from one
problem to another, as shown in the Table 1. The groups were supervised by the same
tutor.

The groups 1 and 2 participated in idea generation for all three problems within 3
consecutive weeks with one experiment per week. The idea generation forms with the
predefined abstract and modified sub-principles were distributed randomly in propor-
tion 50:50. Each student from the groups 1 and 2 has used at least once the idea-
generation form with abstract and once with modified sub-principles during the
experiments. The 34 students of the group 3 were involved in the experiment dealing
with last problem only and had no experience in applying TRIZ Inventive Principles
before. This control group 3 should help to estimate a possible influence of previous
TRIZ experience of groups 1 and 2 on ideation outcomes.

Three problems selected for the experiments are presented in the Table 2. They
represent three typical cases of the initial problem situation which can be defined as
insufficient positive function (problem 1), elimination of harmful effect (problem 2), and
engineering contradiction (problem 3). All problems were introduced to all groups for
3 min using one Power Point slide as exemplarily shown in Fig. 2. The slides con-
tained the problem statement and a photo or drawing. All students were given 10 min
to record as many individual ideas as possible by using recommendations of the five
inventive sub-principles, printed on the idea-generation forms. No special explanation
of TRIZ Inventive Principles or any introduction how to apply them has been offered to
the students. The filled idea-generation forms were evaluated by the authors.

For each problem the idea generation was supported by five inventive sub-
principles corresponding to 7 statistically strongest TRIZ Inventive Principles as shown
in the Table 3. All sub-principles pre-defined for idea generation in the problems 1 and
2 can be assigned to the engineering fields MATCEM-IBD, as well as the sub-principle
(15d) Flexible Elements in the Problem 3. On the contrary, the four selected sub-
principles in the problem 3, such as (1a) Segment object, (3c) Different functions, (10a)
Prior useful function and (19a) Periodic action, are field-independent, i.e. don’t relate
directly to any field or engineering domain.

Table 1. Number of students participated in experiments.

Students group Inventive
principles

Number of participants Total number
of experimentsProblem

1
Problem
2

Problem
3

1. Undergraduate
students

Abstract 18 15 14 47
Modified 22 16 9 47

2. Graduate students Abstract 12 11 10 33
Modified 11 12 10 33

3. Control group
(undergraduate
students)

Abstract – – 17 17
Modified – – 17 17

All groups Abstract 30 26 41 97
Modified 33 28 36 97
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Table 2. Problems used in the experiments.

Problem Description Initial problem field Problem
type

1. Ship hull
cleaning

How to intensify the hull cleaning
of big ships from maritime
organisms (alga and shell layers)
with high-pressure water jetting
without paint layer damage?

Biological,
Intermolecular,
Mechanical

Insufficient
positive
function

2. Removing
lime build-
up in pipes

Calcium carbonate, or lime, is a
hard deposit found in the inner
surface of pipes and other surfaces.
How to remove the lime build up in
pipes?

Chemical,
Intermolecular,
Mechanical

Elimination
of harmful
effect

3. Roadway
condition
monitoring

A camera (sensor) for detection of
roadway condition is placed in a
vehicle close to the road surface to
detect its properties: dry, wet, dirty,
icy etc. How to protect the sensor
from getting dirty or damages
without impairment of road
monitoring?

Electromagnetic
(optical),
Mechanical, Data
processing

Engineering
contradiction

Problem 01: Ship hull cleaning

How to intensify the hull cleaning of big ships from maritime organisms (alga 
and shell layers) with high pressure water jetting without paint layer damage?

www.falch.com

Important Notice:
Use the solution principles in your working sheet to write down as many ideas as 
you can. Please work individually. No teamwork! The evaluation of results will be 
anonymous.

Fig. 2. The Power Point slide of the problem statement 1 presented to the students.

530 P. Livotov et al.



The examples of the abstract and modified sub-principles in the idea-generation
forms are presented in the Table 4. The exact wording of all abstract and modified sub-
principles for the problems 1, 2 and 3 is enclosed in the Appendix.

Among the major metrics for objective assessment of ideation effectiveness, such as
ideas quantity, variety, and quality [10], the quantity and variety of independent ideas
proposed with abstract and modified inventive sub-principles were evaluated in the
experiments. The assessment of the ideas quality and novelty was not a part of this
study. It was also difficult to judge about the quality of ideas developed by the students
as the ideation time of 10 min in total was too short for detailed design or feasibility
check.

Table 3. TRIZ Inventive Principles and sub-principles used in the experiments.

Problem Recommended TRIZ Inventive Principles
(IP) and sub-principles

Corresponding fields
MATCEM-IBD

1. Ship hull cleaning IP35. Transformation of the physical and
chemical properties:
sub-principles 35a, 35b, 35c, 35d, 35e

M-T-C-E-M-I

2. Removing lime
build-up in pipes

IP28. Replacement of mechanical working
principle:
sub-principles 28a, 28b, 28e, 28d, 28e

A-T-C-E-M-B

3. Roadway
condition monitoring

IP1. Segmentation: sub-principle 1a
IP3. Local Quality: sub-principle 3c
IP10. Prior useful action: sub-principle 10a
IP15. Dynamism: sub-principle 15d
IP19. Periodic action: sub-principle 19a

Field-independent
Field-independent
Field-independent
M (mechanical)
Field-independent

Table 4. Examples of the abstract and modified sub-principles in the idea-generation forms.

Abstract inventive sub-principle Modified inventive sub-principle

Example of sub-principle 35a applied for problem 1
(35a) Change an object’s aggregate state:
e.g. solid to liquid or liquid to gas - or vice
versa

(35a) Change the aggregate state of the water
jet or maritime organism e.g. solid to liquid
or liquid to gas - or vice versa

Example of sub-principle 28c applied for problem 2
(28c) Use an acoustic working principle, for
example, sound, ultrasonic or infrasonic
oscillations, cavitation

(28c) Use an acoustic working principle to
remove lime build up. For example, sound,
ultrasonic or infrasonic oscillations,
cavitation

Example of sub-principle 1a applied for problem 3
(1a) Segment object: divide the objects into
independent objects or parts

(1a) Segment object: divide the sensor into
independent sensors or parts
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3 Results and Discussion

3.1 Quantity of Generated Ideas

The quantitative analysis of 902 ideas generated by students in 194 experiments is
summarized in the Table 5. It undoubtedly shows that the number of ideas generated
with modified sub-principles exceeded the number of ideas generated with abstract sub-
principles in all groups and for all problems. On average students proposed 1.53 times
more ideas with the less abstract sub-principles (5.63 versus 3.67 ideas per person).

Although, the average number of ideas generated by a graduate student in the group
2 exceeded the number of ideas generated by an undergraduate student in the group 1
(5.97 versus 5.66 for modified sub-principles and 3.85 versus 3.72 for abstract prin-
ciples), this difference was not statistically significant. Nevertheless, the graduate
students were able to describe their ideas more precisely and as a rule on a higher
qualitative level.

The gain in ideation productivity by using modified sub-principles can be defined
as a quotient of number of ideas generated with modified and abstract sub-principles:

g ¼ Nmod

Nabst
ð1Þ

where:
Nmod: number of ideas per person generated with modified inventive principles
Nabst: number of ideas per person generated with abstract inventive principles.

As documented in the Table 5, the gain in ideation productivity remains almost
constant over all student groups with g = 1.52 (group 1), g = 1.55 (group 2) and
g = 1.53 (group 3). At the same time, Fig. 3 shows uneven ideation performance over
the problems, both in number of ideas per person and in gain of ideation productivity
with modified inventive sub-principles. Interestingly, that the average number of ideas

Table 5. Quantity of ideas generated by different students’ groups.

Students’
group

Inventive
principles

Number of ideas/mean number of ideas per person
Problem
1

Problem
2

Problem
3

Total
number

Total
Mean

Total
SD

1. Under
graduate

Modified 131 89 46 266 5.66 2.06
Abstract 59 54 62 175 3.72 1.78

2. Graduate Modified 77 71 49 197 5.97 2.42
Abstract 52 44 31 127 3.85 1.44

3. Control Modified – – 83 83 4.88 2.81
Abstract – – 54 54 3.18 1.34

All groups Modified 208 160 178 546 5.63 2.36
Abstract 111 98 147 356 3.67 1.62
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per person, generated with abstract sub-principles remains almost constant and varies
between 3.59 and 3.77 within the range of ±2.4%. Consequently, one cannot explain
these results simply with different complexity level of the problems, even if it’s
thinkable that the problem 3 “Roadway condition monitoring”, formulated in form of
engineering contradiction, could appear to be more difficult for the students.

Another reason for a relative lower number of ideas per person generated with
modified inventive principles for the problem 3 could be the fact that 4 from 5 proposed
sub-principles (1a, 3c, 10a, 19a; see Table 3) belong to the category of more abstract
field-independent sub-principles. With the help of these four sub-principles the students
proposed on average 0.81 ideas per person with modified wording and 0.54 ideas per
person with abstract formulation. The average number of ideas per person generated
with other 11 field-oriented sub-principles (35a, 35b, 35c, 35d, 35e, 28a, 28b, 28c, 28d,
28e, 15d) in all experiments was 1.21 for modified and 0.83 for abstract sub-principles
respectively.

Moreover, it is worth to note that the application of inventive sub-principles as
separate heuristics both in abstract and modified form allowed to reach a higher dis-
cipline of idea generation as the directions of thinking were clearly pre-defined by the
sub-principles. Thus, from 546 ideas formulated with modified sub-principles only 29
ideas (5.3%) could not be assigned to the recommended sub-principles. From 356 ideas
formulated with abstract sub-principles solely 18 ideas (5.1%) are not related to any
recommended sub-principle.

The distribution of ideas per person over the number of all experiments is shown in
Fig. 4. It illustrates that the application of modified sub-principles increases the number
of students with higher personal ideation output. For example, using modified sub-
principles the students could generate between 7 and 8 ideas per person in 25 exper-
iments from 97. On the contrary, the students working with the abstract sub-principles
proposed 7…8 ideas per person in only 4 experiments from 97.

6.30 5.71 4.94 5.63
3.70 3.77 3.59 3.67

Problem 1 Problem 2 Problem 3 Problem 1, 2, 3

Ideas with modified IP Ideas with abstract IP

g=1.70 g=1.51 g=1.38 g=1.53

Fig. 3. Ideas generated by students for different problems (ideas per person, mean values).
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Finally, the comparison of the ideation outcomes of all student groups 1, 2 and 3 for
the problem 3 “Roadway condition monitoring” is presented in the Table 6. Although
the 34 undergraduate students of the control group 3 participated in the idea generation
for the problem 3 only, their ideation productivity does not significantly differ from the
outcomes of the undergraduate students (group 1) and graduate students (group 2), who
have already gained some experience in applying TRIZ Inventive Principles for the
problems 1 and 2.

The following are some outcomes of the Mann-Whitney test that was used for the
statistical comparison of responses in the experiments. With Z = −4.38 and p < 0.01
the 47 undergraduate students from the group 1 generated for the problems 1, 2 and 3
on average significantly more ideas with the modified inventive sub-principles than
with the classical more abstract sub-principles. With Z = −3.62 and p < 0.01 the 33
graduate students from the group 2 generated more ideas with the modified sub-
principles for all three problems as well. And finally, 17 undergraduate students from
the control group 3 proposed for the problem 3 with Z = −1.98 and p < 0.05 signif-
icantly more ideas with the modified sub-principles as well.

Table 6. Quantity of ideas generated by different students’ groups for the problem 3.

Students’ group Inventive sub-
principles

Problem 3. Roadway condition monitoring
Number of ideas
per person

SD g = Nmog/Nabst

1. Undergraduate Modified 5.11 1.91 g = 1.15
Abstract 4.43 1.93

2. Graduate Modified 4.90 1.92 g = 1.58
Abstract 3.10 1.64

3. Undergraduate
(Control group)

Modified 4.88 2.81 g = 1.54
Abstract 3.18 1.34

9 

24
29

25

5 5 

22

47

21

4 
1 

Number 
of experiments: - modified sub-principles

- abstract sub-principles

1…2 3…4 5…6 7…8 9…10 11…12
Number of ideas per person

Fig. 4. Distribution of number of ideas per person over all experiments.
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3.2 Breadth or Variety of Generated Ideas

In order to assess the variety of the ideas proposed in the experiments, the ideas
generated in each group were assigned to the most appropriate knowledge domains or
fields, using the MATCEMIBD classification. The distribution of different ideas over
the nine MATCEMIBD categories in all groups is illustrated in Fig. 5. The students
from all groups proposed significantly broader ideas using the modified inventive sub-
principles. Substantial differences of the gain in ideation productivity g > 1,5 are
observed for Acoustic, Thermal, Biological fields and especially for Data processing
with g = 3,56.

The students from the groups 1, 2 and 3 while using the modified sub-principles,
proposed 67% of non-mechanical ideas which can be assigned to the fields ATCE-
MIBD. On the contrary, only 58% of ideas generated by all students using the classical
abstract sub-principles, can be assigned to these non-mechanical fields.

M A T C E Mg I B D
Ideas with modified IP 1.91 0.33 1.34 0.85 0.35 0.09 0.18 0.19 0.55

Ideas with abstract IP 1.54 0.21 0.71 0.66 0.25 0.09 0.25 0.08 0.15

g = Nmod/Nabst 1,24       1,57        1,89       1,29       1,40        1,00       0,72        2,38       3,67

Average numbers
of ideas per person:

Fig. 5. Variety of different ideas and their distribution over MATCEMIBD categories.
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4 Concluding Remarks

The overall results of the study support the assumption that the less abstract and
problem specific formulation of TRIZ Inventive Principles can visibly improve idea
generation outcomes of engineering students and newcomers to TRIZ both in the
quantity and variety of proposed ideas. In 194 experiments conducted at the Offenburg
University the students generated nearly 1.5 more ideas with the modified inventive
sub-principles. Also, the breadth of the proposed ideas over the nine MATCEMIBD
fields has been essentially enhanced. However, it wasn’t found that the differences in
the knowledge level of the students from different years of study have a significant
effect on their ideation performance with the modified or abstract inventive principles.
This statement can be the subject matter of a future research. Based on the outcomes of
the study, the authors recommend the proposed approach to be taken into consideration
by the educators and practitioners in creativity and innovation with TRIZ methodology.
The authors advocate the idea that the adaptation of Inventive Principles for specific
tasks will make it considerably easier for newcomers and companies to apply TRIZ in
engineering work. Most modifications in inventive sub-principles can be made auto-
matically and the development such algorithms is the subject of the current research.

Appendix

Abstract and modified inventive sub-principles applied in experiments.

N Abstract sub-principles [8] Modified sub-principles

Problem 1: Ship hull cleaning
35a Change an object’s aggregate state: e.g.

solid to liquid or liquid to gas - or vice
versa

Change the aggregate state of the water
jet or maritime organism e.g. solid to
liquid or liquid to gas - or vice versa

35b Change the object’s concentration or
consistency

Change the concentration or consistency
of the water jet or maritime organisms

35c Change the object’s physical properties:
pressure, density, hardness, viscosity,
conductivity, magnetism etc.

Change physical properties of the water
jet or maritime organisms e.g. pressure,
density, hardness, viscosity,
conductivity, magnetism etc.

35d Change the object’s temperature Change the temperature of the water jet
or maritime organisms

35e Change other chemical properties:
formulation, pH, solubility etc. Change
process chemistry

Change other chemical properties of the
water jet or maritime organism
formulation, pH, solubility etc. Change
process chemistry

(continued)
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(continued)

N Abstract sub-principles [8] Modified sub-principles

Problem 2: Removing lime build-up in pipes
28a Replace the mechanical working

principle by electric, magnetic, or
electromagnetic one. Use electric,
magnetic or electromagnetic effect on the
object

Replace the mechanical working
principle by electric, magnetic or
electromagnetic one. Use electric,
magnetic or electromagnetic effect on
lime build up or pipe

28b Use optical working principle. For
example, infrared, ultraviolet light, laser,
LED

Use optical working principle to remove
lime build up. For example, infrared,
ultraviolet light, laser, LED

28c Use an acoustic working principle. For
example, sound, ultrasonic or infrasonic
oscillations, cavitation

Use an acoustic working principle to
remove lime build up. For example,
sound, ultrasonic or infrasonic
oscillations, cavitation

28d Use thermal effect on the object. For
example, heating, cooling, thermal
expansion/shrinking

Use thermal effect on the lime build up or
pipe. For example, heating, cooling,
thermal expansion or shrinking

28e Use chemical or biological working
principle. For example, chemical
reactions (dissolution synthesis) or bio-
organisms (microbes, enzymes)

Use chemical or biological working
principle to remove lime build up. For
example, chemical reactions (dissolution,
synthesis) or bio-organisms (microbes,
enzymes)

Problem 3: Roadway condition monitoring
1a Segment object: divide the objects into

independent objects or parts
Segment object: divide the sensor into
independent sensors or parts

3c Different functions: the various parts of
the object should fulfill different
functions

Different functions: the various parts of
the sensors should fulfill different
monitoring functions

10a Prior useful function: perform the
required action or useful function in
advance, either fully or partially

Prior useful function: perform the road
monitoring in advance, either fully or
partially

15d Flexible elements: use adaptive and
flexible elements like joints, springs,
elastomers, fluids, gases

Flexible elements: protect the sensor by
using adaptive and flexible elements like
joints, springs, elastomers, fluids, gases

19a Periodic action: replace a continuous
action with a periodic or pulsed one

Periodic action: replace a continuous
road monitoring with a periodic or
pulsed one
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