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Abstract

This paper presents a systematic decision making pro-
cess for accomplishing product innovation in accordance
with the target quality, i.e. the target values and relative
weights of the relevant quality characteristics of the pro-
duct to be developed, with the help of TRIZ (the Russian
abbreviation of the theory of inventive problem solving).
Since TRIZ methodology deems innovation as resolving
a contradiction, the proposed approach first reveals the con-
tradictions that block the target quality from being reached,
based on the engineering solutions that the current base
product employs and the phenomena that take place while
the base product is performing its function. Then, the ap-
proach structures the contradictions and distinguishes the
causal conflicts from the resultant ones. It also calculates
the criticality of each causal conflict according to the rela-
tionships with the quality characteristics. These steps make
it possible to properly highlight the focus of innovation
within the whole function and mechanism structure of the
base product. The proposed method is described using a die-
casting machine as an illustrative example, and the example
confirms that some innovative conceptual design solutions
can be successfully derived through the proposed decision
making process.

Keywords: conceptual design, conflict resolution, DEMATEL,
product innovation, QFD, TRIZ

1. Introduction

It is a critical issue for a manufacturing firm to deve-
lop an innovative product that not only meets customers’
needs but also distinguishes itself clearly from existing
competing products, especially in the recent mature mar-
ket environment. Even when developing a new derivative
product from an existing base product, it is desirable that
the resultant product should be deemed innovative as well
as responding to customers’ needs. That is, now it is an
important issue how to accomplish product innovation in
a target-quality-oriented way. Upon this background, it
has been pointed out that combining QFD (Quality Func-
tion Deployment) and TRIZ (the Russian abbreviation of
what can be translated as the theory of inventive problem
solving) will make a powerful approach for the conceptual
design of such an innovative product. QFD will set an at-
tractive target quality to the product, and TRIZ will help
solve technical problems if any and thus enable to reach
the given target quality.

In order to make such an approach actually work, the
target quality to be achieved must be translated into tech-
nical problems in a form that can be handled by TRIZ. TRIZ
methodology deems innovation as resolving a contradic-

tion, and usually expresses the technical problem to tackle
as a contradiction. Thus, this paper presents a systematic
decision making process for capturing and structuring
the contradictions that should be resolved to achieve the
target quality, and thus enables product innovation to be
accomplished in atarget-quality-oriented way with the
help of TRIZ.

The proposed approach callsitan engineering solution
to perform each elemental function by the corresponding
elemental mechanism, where elemental functions and
elemental mechanisms are the smallest constituents of
the function and mechanism structure of a product. Then,
the approach reveals the contradictions based on the
engineering solutions that the current base product em-
ploys and the phenomena that take place while the base
productis performing its function. Any product realises its
function by intentionally inducing some phenomena with
its engineering solutions. Unfortunately, these beneficial
phenomena often accompany some harmful phenomena
as their side effects, and they cause the problems. This
paper names the obtained contradictions the elemental
conflicts. Then, the approach structures the complicated
causal relationships among the elemental conflicts and
distinguishes the causal conflicts from the resultant ones.
It also calculates the criticality of each causal conflict
according to the relationships with the quality characteri-
stics. These steps make it possible to properly highlight
the focus of innovation within the whole function and
mechanism structure even when the quality character-
istics to be enhanced are affected by many interrelated
contradictions located in various parts of the base prod-
uct. The proposed approach also provides a procedure for
choosing an appropriate TRIZ tool and posing the techni-
cal problem to the chosen tool.

In the remainder of this paper, after a literature review
section, the problem to be dealt with and the proposed
decision making process for the problem are described
using a die-casting machine as an illustrative example,
and how the proposed approach works is demonstrated
with the example. Finally, conclusions follow.

2. Related work

QFD is a well-known and widely-used methodology for
prioritizing the customers’ requirements on a product,
and translating them into its design specifications [1][2].
Hence, it can be used to set appropriate target values for
the key quality characteristics of the innovative product
to be developed. Since this target quality should clearly
differentiate the resultant product from competing ones,
itis usually difficult to reach with the current function and
mechanism structure of the base product. Thus, in order
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to attain the target quality, it must be determined what
changes should be made to which parts of the base pro-
duct. However, QFD itself does not provide any means to
make the decision.

Whereas, when atechnical problem is given in an
appropriate form, TRIZwill provide severaltools to support
solving the problem [3][4][5][6][7]. It has been success-
fully applied to real-life design problems [8][9][10][11].
Thus, TRIZ can be utilised to identify what sort of innova-
tion should be introduced into the function and mecha-
nism structure of the base product so as to attain the
specified target quality. Accordingly, it has been pointed
out that combining QFD and TRIZ will make an effective
approach for systematic product innovation [12][13].

To make such an approach actually work, the target
quality set by QFD must be translated into technical prob-
lems in a suitable form for TRIZ, that is, a contradiction.
However, this critical part of the innovation process still
depends largely on the capabilities of human engineers,
and only a few approaches have been proposed for support-
ing it. As a pioneer work in this field, Yamashina et al. [14]
developed a systematic approach for bridging the gap be-
tween QFD and TRIZ. This approach first determines which
part or sub-mechanism of the base product should be given
changes according to the relationships between the sub-
mechanism and the quality characteristics to be enhanced,
and then defines contradictions to resolve for the chosen
sub-mechanism based on its house of quality matrix. Hua
etal. [15] adjusted this approach to a specific TRIZ soft-
ware. Wang et al. [16] proposed a similar approach, which
defines contradictions based only on the house of quality
matrix of the whole product and hence can be deemed as
a simplified version of Yamashina et al. [14].

Whatis commontotheseapproachesisthattheydonot
distinctly consider what technical problems prevent the
quality characteristics from being improved as intended
and only capture some resultant contradictions appeared
on the house of quality matrix, for example, as trade-off
relationships among quality characteristics. However, it is
often the case, in practice, that any trade-off relationship
may be caused by notjust one but several different techni-
cal problems located in various parts of the base product,
a same technical problem can affect many quality charac-
teristics, and the technical problems are themselves inter-
related. In such circumstances, it seems that the conven-
tional approaches cannot always identify the root cause of
the problems and may result in a tedious iteration process
that reveals and resolves those problems one by one. This
is obviously inefficient and may take a long time to con-
verge. Therefore, more desirable will be a decision making
process that can first exhaustively capture what technical
problems existin which parts of the base product and then
properly narrow down the focus of innovation. However,
such a decision making process has not yet been estab-
lished, and hence will be newly developed in this paper.

3. Target-quality-oriented productinnovation
problem

3.1 Assumptions on target quality

This paper deals with the problem to establish a con-
ceptual design of a new innovative product from an exist-
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ing base product. It is assumed that the quality character-
istics {y,, y,, ...} which should be considered for fulfilling
the customers’ requirements on the product have been
identified, and the target values {t. t, ...} and the rela-
tive weights {u,, u,, ...} for the quality characteristics
have been set. The relative weights are assumed to have
been normalised as below:

Zui =1 1)

where the higher the relative weight u,, the more im-
portant to enhance the quality characteristic y, to satisfy
the customers’ requirements. For example, QFD can be
utilised to determine the target quality. However, the pro-
posed approach does not assume, and is independent of,
the use of QFD.

To make the below discussion easier to understand,
we hereafter take up a die-casting machine, shown in Fig-
ure 1, for a certain aluminium product as an illustrative
example. We assume that the below five variables have
been identified in this example as the quality characteri-
stics to be considered to satisfy customers’ requirements:

y,: fraction of defectives due to voids (%),

y,: fraction of defectives in the other defect modes (%),

y,: raw material yield (%),

y,: cycle time (seconds),

y,: die life (shots),

and that ambitious target values and appropriate rela-
tive weights have been already assigned to those charac-
teristics so that the resultant product should be deemed
innovative.
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Figure 1. Example die-casting machine.

3.2 Assumptions on function and mechanism

structure

It is also assumed that the function and mechanism
structure of the existing base product has been deployed
as a corresponding pair of a function tree and a mecha-
nism tree. This deployment is not a new practice, and has
been introduced and utilised, for example, in axiomatic
design [17].

The current die-casting machine we consider consists
of a molten metal reservoir, a molten metal feeder, a mol-
ten metalinjector, an ejector, a moulding mechanism, and
a die lubricator (which is omitted in Figure 1). The molten
metal reservoir further comprises a pot which reserves
molten metal, a heater which raises its temperature, and
a lid which maintains the temperature. The molten metal
feeder is composed of a ladle which ladles molten metal,
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and a manipulator which manipulates the ladle. The sub-
systems of the molten metal injector include a sleeve
which reserves molten metal and keeps its temperature,
an accumulator which generates a force, a plunger rod
which conveys the force, and the plunger which injects
molten metal into a die and eliminates voids. The subsys-
tems of the moulding mechanism contain the die which
moulds molten metal, a die-cooler which cools down the
die, a die heater - which heats the die, a die closer - which
shuts the die, and air vents, which exhaust gas from the
die. Further, the die lubricator is composed of a spray,
which sprays lubricant and cools down the die, and a tank,
which reserves lubricant.

Thus, the function and mechanism structure of the
base product can be captured by the function tree shown
in Figure 2 and the mechanism tree shown in Figure 3.
Hereafter, we refer to each sub-function corresponding
to a leaf node of the function tree and each sub-mecha-
nism represented by a leaf node of the mechanism tree as

an elemental function and an elemental mechanism re-
spectively. In the die-casting machine example, dividing
those elemental functions and mechanisms further down
to smaller constituents was judged to be meaningless for
devising innovation.

Further, we term it an engineering solution to utilise
a specific elemental mechanism for performing each el-
emental function. Then, a product can be deemed as a set
of engineering solutions {a,, a,, ...}. For example, the
current die-casting machine can be captured as the set of
the below engineering solutions:
a,: reserve molten metal by a pot,
: raise molten metal temperature by a heater,
: maintain molten metal temperature by a lid,
: ladle molten metal by a ladle,
: manipulate the ladle by a manipulator,
: reserve molten metal by a sleeve,
: generate a force by an accumulator,
: convey the force by a plunger rod,

Produce a casting

Melt and reserve Feed Inject Eject Mould Lubricate
metal molten metal molten metal a casting molten metal the die
Reserve Maintain Manipulate Generate Inject molten metal Cool down Shut Spray
molten metal temperature the ladle a force & Eliminate voids the die the die lubricant
Raise Ladle Reserve Convey Mould Heat Exhaust Reserve
temperature molten metal molten metal the force molien metal the die gas lubricant
Figure 2. Function tree of example die-casting machine.
| Die-casting machine
Molten metal Molten metal Molten metal | Ejector | Moulding Die
reservoir feeder injector mechanism Lubricator

Lid | Manipulator | | Accumulator | | Plunger | Die Die | Spray |
cooler closer
| Heater | | Sleeve | | Plunger rod | Die Die | Airvents | | Tank |
heater
Figure 3. Mechanism tree of example die-casting machine.
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a,: inject molten metal and eliminate voids by a plunger,
a.: eject a casting by an ejector,

: mould molten metal by a die,

: cool down the die by a die cooler,

: heat the die by a die heater,

: shut the die by a die closer,

: exhaust gas by air vents,

: spray lubricant and cool down the die by a spray,
: reserve lubricant by a tank.

3.3 Product innovation using TRIZ

The target quality, i.e. the set of the target values
assigned to the quality characteristics, must be able to
clearly differentiate the resultant product from compet-
ing ones in the mature market environment, and hence
will be difficult to attain with the function and mechanism
structure of the base product. This paper does not compro-
mise the target quality, butinstead aims at deriving a new
innovative conceptual design solution by changing the
function and mechanism structure through an appropriate
technical innovation. What is required to accomplish this
product innovation will be to determine what changes
should be made to which parts of the base product to
reach the target quality.

This paper uses a TRIZ-based approach to this prob-
lem. The TRIZ tools that we can use to derive aninnovation
concept for an engineering solution include the 40 princi-
ples of innovation, the principle of separation, the effect
database, etc. The 40 principles of innovation are a collec-
tion of typical principles for resolving a technical contra-
diction, which is a situation that improving an attribute
degrades another attribute. The principle of separation
resolves a physical contradiction, which is a situation that
mutually conflicting target values are given to a certain
single attribute, by separation in space, time, etc. The
effects database shows utilizable physical, chemical and
geometrical effects that can substitute for a current en-
gineering solution having a contradiction, when the func-
tion to be realised by the solution is specified.

Thus, what TRIZ tools try to accomplish is not to reach
a given target quality but to resolve contradictions. There-
fore, in order to attain the target quality by the help of
TRIZ, we need first to study the contradictions in the func-
tion and mechanism structure of the base product that
block the target quality from being reached, and then to
pose an appropriate contradiction to a suitable TRIZ tool
in a proper form. The next section proposes a structured
decision making process for this purpose.

4. Proposed decision making process for prod-
uct innovation

4.1 Capturing elemental conflicts

The outline of the proposed approach is shown by
a diagrammatic presentation in Figure 4. The first step re-
veals the technical problems preventing the quality char-
acteristics from being enhanced as prescribed, eachin the
form of a contradiction, on the engineering solutions of
the base product. We start this step by enumerating major
phenomena {p,, p,,, ...} that affect each quality charac-
teristic y, and clarifying the relationships between the
phenomena and the engineering solutions {a,, a,, ...}.
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Then, we grasp the technical problems concerning each
engineering solution in the form of a contradiction; the
engineering solution gives a desirable effect to a phenome-
non and at the same time an undesirable effect to another
phenomenon.

Target quality to be Function and
achieved. mechanism structure
of base product.

Reveal elemental conflicts in the base product and
identify the engineering solutions having conflicts.

}

Narrow down the engineering solutions to consider
based on the relationships among the conflicts.
ko l

Prioritize the relevant engineering solutions by
using the criticality of each causal confiict.

I

1
]
1
1
|
: Define technical problems on relevant engineering
i
1
L

solutions in the order of their priorities.

Technical problems to be tacked by TRIZ, and
their priorities.

Figure 4. Diagrammatic presentation of proposed approach.

Hereafter, we call the contradictions the elemen-
tal conflicts, and denote them by {c, c,, ...}. When the
former phenomenon of an elemental conflict concerns the
quality characteristic y, and the latter phenomenon influ-
encesy, then the elemental conflict will cause a trade-off
relationship between the characteristics y, and y. and as
a result will make the innovative target quality di#ﬁcult to
attain. Thus, the elemental conflict must be resolved so as
to reach the target quality.

In the die-casting machine example, the major phe-
nomena concerning the quality characteristics are the
followings:

p,,: generation of voids from remaining air in the die,

p,,: generation of voids from die lubricant,

p,,: soldering between the die and molten metal,

p,,: temperature drop and incomplete filling of molten

metal,

p,,: molten metal consumption in the runner of the

die,

p.,: molten metal leakage from the parting surface of

the die,

p,,: time consumption by spraying lubricant,

p,,: time consumption by injecting molten metal,

p.,: die fatigue due to temperature stress,

p,,: die fatigue due to the closing force.

We can capture the elemental conflicts of the base
product according to the relationships between those
phenomena and each engineering solution.

Each elemental conflict has a structure that an engi-
neering solution gives a desirable effect to a phenomenon
and atthe sametime an undesirable effect to another phe-
nomenon. We refer to the former phenomenon as the up-
stream phenomenon and the latter one as the downstream
phenomenon of the conflict. Then, the elemental conflict
can be expressed by a model: an upstream phenomenon
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->an engineering solution ->a downstream phenomenon.
For example, the engineering solution a, (inject molten
metal and eliminate voids by a plunger) gives a desirable
effect to the phenomenon p . (generation of voids from
remaining airin the die) and at the same time an undesir-
able effect to the phenomenon p,, (molten metal leakage
from the parting surface of the die). Hence, the current
die-casting machine has the elemental conflict:

€2 Py =>0y=> Py, -

Similarly, the below nine elemental conflicts have been
captured in the example die-casting machine:

¢,: generation of voids from remaining air in the die

(p,,) ->inject molten metal and eliminate voids by

aplunger (a,) -> molten metal leakage from the

parting surface of the die (p,,),
¢,: generation of voids from die lubricant (p,,) ->inject

molten metaland eliminate voids by a plunger (a,)

-> molten metal leakage from the parting surface

of the die (p,,),

c,: soldering between the die and molten metal (p,,)
->spray lubricant and cool down the die by a spray
(a,,) -> generation of voids from die lubricant (p_,),

c,: soldering between the die and molten metal (p,,)
->spray lubricant and cool down the die by a spray
(a,,) -> time consumption by spraying lubricant
(P.,),

c,: soldering between the die and molten metal (p,,)
->cool down the die by a die cooler (a,,) -> die fa-
tigue due to temperature stress (p, ),

c.: temperature drop and incomplete filling of molten
metal (p,,) -> mould molten metal by a die (a,,)
->molten metal consumption in the runner of the
die (p,,),

¢,: temperature drop and incomplete filling of molten
metal (p,,) -> inject molten metal and eliminate
voids by a plunger (a,) -> generation of voids from
remaining air in the die (p,,),

c,: time consumption by injecting molten metal (p,,)
-> inject molten metal and eliminate voids by
a plunger (a,) -> generation of voids from remain-
ing airin the die (p,,),

¢,: molten metal leakage from the parting surface of
the die (p,,) -> shut the die by a die closer (a,,) ->
die fatigue due to the closing force (p,,).

The elemental conflicts ¢, ¢,, ..., ¢, and ¢, are straight-
forward to understand. The conflict ¢, occurs because of
enlarging the runner cross section of the die to slow down
the temperature drop. Whereas, the conflicts ¢, and c,
arise due to increasing the speed and the pressure of mol-
ten metalinjection.

These elemental conflicts are the technical problems
that prevent the target quality from being reached. By re-
vealing which engineering solution causes each elemen-
tal conflict, we have the set of the engineering solutions
having technical problems. We denote the set by A . In the
die-casting machine example, this set is given by:

Ac= {ag’ a a12’ a14’ a16 (2)

11’

4.2 Structuring elemental conflicts

When there are many elemental conflicts, we should
pay attention to the causal conflicts but the resultant
ones that are brought about by the causal ones. Hence,
our product innovation approach next clarifies the rela-
tionships among the elemental conflicts and highlights
the causal ones to be considered according to the rela-
tionships.

If eliminating an elemental conflict will make it unne-
cessary for another elemental conflict to be resolved, we
say that these conflicts are in an influential relationship.
There can be the following two types of influential rela-
tionships between elemental conflicts:

Serialinfluential relationship: It is the influential re-
lationship that occurs between elemental conflicts ¢ and
¢, when the downstream phenomenon of ¢_is identical to
the upstream phenomenon of ¢ and resolving ¢ will make
the engineering solution itself or its condition that causes
¢, unnecessary. In this case, ¢ needs not to be dealt with
any moreifc_is resolved.

Parallel influential relationship: It is the influential
relationship that occurs between elemental conflicts ¢
and ¢, when they have a same upstream phenomenon and
resolving ¢ will make the engineering solution itself orits
condition that causes ¢ unnecessary. In this case as well,
¢, needs not to be dealt with if ¢_is resolved.

Hereafter, we represent these influential relation-
ships by:

c, ->C,

and call ¢ the elemental conflict on the cause-side
and ¢, the one on the effect-side.

In the die-casting machine example, the downstream
phenomenon of ¢, is p,, and which is also the upstream
phenomenon of ¢,, and resolving ¢, will make it unneces-
sary to consider c,. That is, if the conflict c, is resolved
and the phenomenon p,, is no longer problematic, the
engineering solution a, will not need to deal with the
voids generated by p.,. Thus, there is a serial influential
relationship ¢, -> ¢, . Whereas, the elemental conflicts c,
and ¢, share the same upstream phenomenon p,, and the
solution a,, which causes c, is the primary engineering
solution to this phenomenon p,,. If a, does not cause the
conflict, the engineering solution a,,, which causes c,, will
become unnecessary. Hence, there is a parallel influential
relationship ¢, ->c,. Similarly, the following eightinfluen-
tial relationships can be obtained in this example:

€,=> €y C,~>C, C,->C,, C,->C,,

C, -> Cj, Cj -> €, C -> cZ, c: -> Cye

As we can see in this example, when there are many
elemental conflicts, the influential relationships among
them are likely to be complicated. Since the influential
relationships defined above satisfy the transitive law, not
only the direct influential relationships but also indirect
ones must be grasped and unified into the aggregate
relationships. They can be captured by structuring the
influential relationships among the elemental conflicts
through DEMATEL (Decision Making Trial and Evaluation
Laboratory) [18][19]. DEMATEL is a matrix-based ap-
proach for quantifying the overall relationships among
multiple items and has been used for structural modelling
invarious fields [20][21].
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We first set the direct influence r =0 for each pair of
elemental conflicts c_and c_that has no direct influential
relationship between them. Since no elemental conflict
has a direct influential relationship with itself, r =0
holds for every ¢ .If c is directly influenced only by c_, we
setr =1.Inthe die-casting machine example, we have:

r,=ro=r,=r.=1 (3)

Further, if ¢_is directly influenced by more than two
elemental conflicts, we define the value of each corre-
sponding r_according to the relative degree of its influ-
ence so that the below condition should be satisfied:

S, =1 (4)

In our example, c, is directly influenced by , and Cyr
and ¢, is affected by ¢, and c,. Hence, we set:

r,=r,=r,=r,=0.5 (5)

We now have the direct influence matrix R = (r ),

mn

which then will be used to derive the aggregate influence
matrix R=(F, ) as below:

R=) R“=R(I-R)™ (6)
k=1

where I'is an identity matrix. Each element r, of the
obtained matrix R expresses the aggregate influence
fromc toc.

In the die-casting machine example, the direct influ-
ence matrix is given by:

0 0000O0O0O0 05
0 0000O0O0O0 05
0 1000000 O
0 0000O0O0O0 O
R=[0 0110000 0 @)
0 0000O0O0O0 O
050000100 O
050000000 O
0 0000O0O0O O

Accordingly, the aggregate influence matrix is ob-
tained as:
0.5
0.5
0.5
0
0.5 (8)
0
0.25
0.25

A

I
O 0O o0 oOokr o r oo
O 0O o0 or oo o o
O 0O 0O Pr oo o o
O 0O 0O 0O o0 o o o o
O O, OO0 O o o o
O O 0O 0O o0 o o o o
O 0O 0O 0O o0 o o o o
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When, and only when, the elemental conflict c is
a causal conflict which is not influenced by any other el-
emental conflicts, the mth column of the aggregate in-
fluence matrix will become a zero vector. Thus, we can
identify the causal elemental conflicts by extracting every
column of a zero vector from the aggregate influence ma-
trix. In our die-casting machine example, as shown in Fig-
ure 5, the causal conflicts to be really resolved have been
revealed as {cs, C, cs}.

Causal
conflicts

1 E / Cz
i G,

- <
\‘ ’;I C‘i

Figure 5. Relationships among elemental conflicts.

By checking which engineering solution brings about
each causal elemental conflict, we can further narrow
down the set of the engineering solutions to be consi-
dered from the above A . We denote the obtained subset of
A by A . Inthe die-casting machine example, this set is
given by:

'&c:{agialz] (9)

That is, the engineering solutions to be really consid-
ered were successfully narrowed from the above five down
to only two engineering solutions.

4.3 Criticality analysis of elemental conflicts

When more than two engineering solutions have been
found to have a causal conflict as in the case of the die-
casting machine, the proposed approach next prioritises
the engineering solutions.

We first quantify how important it is to resolve each
elemental conflict so as to satisfy customers’ require-
ments. For this purpose, we define the phenomenon
weight WP(p].j) of each phenomenon p; concerning the
quality characteristicy, by distributing the relative weight
u; of the quality characteristic to every phenomenon p;
according to the magnitude of its effect on the characte-
ristic. Then, we define the raw conflict weight w(c ) of
each elemental conflict as below:

wic,) =w,(p,) +w,(p,) (10)

where p; and p,, represent the upstream phenomenon
and the downstream one of the elemental conflict ¢ re-
spectively. Accordingly, we can obtain the aggregate con-
flict weight W, (C,,) of the same elemental conflictc by
the below equation:

WC (Cm):WC (Cm)+zrm WC (Cn) (11)
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This aggregate conflict weight W, (C,, ) represents
that the greater its value, the higher the number and/or
the larger the relative weights of the quality characteris-
tics to be improved by resolving the elemental conflictc .

Next, we prioritise the engineering solutions that we
should focus on as the target of innovation, according to
the aggregate conflict weights calculated above. When g,
is included in the set of the relevant engineering solu-
tions AC we define its solution weight w,(a,) as below:

WA(ak) = ZWC (Cm)

8 (=2

(12)

where es(c ) expresses the engineering solution
(e{a,,a,,...}) that causes the elemental conflict c, .

This is the sum of the aggregate weights of the
elemental conflicts locatedin the engineering solution. We
can prioritise the engineering solutions to be considered
in the decreasing order of this value. For convenience, we
can deem that the weight of any engineering solution that
is notincluded in the set A.is zero.

In the die-casting machine example, the process of
this criticality analysis has been undergone as shown in
Figure 6, and the relevant engineering solutions were
prioritised as:

4.4 How to pose technical problems to TRIZ

When the relevant engineering solutions are deter-
mined and prioritised through the above criticality analy-
sis, our product innovation approach will pose a technical
problem concerning the chosen engineering solution in
one of the following forms:

 formulate an elemental conflict of the chosen engi-
neering solution as a technical contradiction, and
apply one of the suggested principles of innova-
tion,
formulate an elemental conflict of the chosen en-
gineering solution as a physical contradiction, and
apply the principle of separation, and
describe the elemental function of the selected en-
gineering solution as a function to be realised, and
obtain an applicable one from the physical, chemi-
cal and geometric effects in the effects database.

Thus, the procedure of posing technical problems to
TRIZ and deriving innovation concepts to be introduced to
the function and mechanism structure of the base prod-
uct can be summarised as below, where A_is the set of the
candidate engineering solutions to be focused on as the
target of innovation:

Step 1: SetA, = A,

Step 2: If A, = ¢ holds, then select the most satisfac-
tory innovation concept among those which have been
devised, and end the procedure.

Step 3: Select the engineering solution g, having the

w,(a,)>w,(a,,) (13) highest solution weight from the set A, and update the
setas:
At 22 L 3 L 25 Determined based on
%0350 Yi 0. 1N preferences.
Pu P | P» Ps
wp | 0.175] 0.175 [ 0.075 [ 0.075 | 0.075 | 0.075] 0.125 | 0.125 | 0.050 | 0.050
Equation (10)
€1 C> Ca C4 Cs Ce Cqy Cy Co
4_
We | 025010250 ( 0250 | 0.200 | 0.125 | 0.150 | 0250 | 0.300 | 0.125 .
— , Equation (11)
we | 0313103130563 | 0.200 | 0888 | 0.150 | 0.556 | 0.456 | 0.125
Equation (12)
Ay a;
Wy 1638 0.888 <

Figure 6. Process of criticality analysis.
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A = A —{a} (14

Step 4: Derive innovation concepts by attempting in-
novation through TRIZ focusing on the chosen engineer-
ing solution a.. If a satisfactory concept is obtained, then
end the procedure.

Step 5: Examine possible combinations among the in-
novation concepts obtained so far. If a satisfactory con-
cept is obtained through combination, then end the pro-
cedure. Otherwise, go back to Step 2.

4.5 Example application results

This subsection presents some results of applying the
proposed approach to the die-casting machine example.
As shown earlier in Figure 4, the role of the proposed ap-
proach itself is to define appropriate technical problems
for TRIZ and applying TRIZ to the problems is outside the
scope of the approach. However, in this subsection, how
TRIZ handles the problems derived by the proposed ap-
proach is also described briefly for illustrative purpose.
For the sake of intellectual property preservation, the in-
novation concepts that are not regarded as a part of the
common knowledge cannot be disclosed here and hence
those described below are only a part of the obtained in-
novation concepts. Despite this, we can still see in the
below how the proposed approach guides the process of
deriving innovation concepts.

According to the above criticality analysis, we first se-
lect the engineering solution a, (inject molten metal and
eliminate voids by a plunger) as the target of innovation.
It has two causal elemental conflicts ¢, and c,. Since the
effect database is not to resolve these conflicts directly,
here we give some results of applying the 40 principles of
innovation and the principle of separation.

Suppose that we took up the elemental conflict c,
concerning the chosen engineering solution a,. Then,
we can formulate it into a technical contradiction. When
we choose durability of moving object as the attribute to
improve and harmful side effects as the attribute to be
degraded, TRIZ will recommend the principle of skipping
(rushing through). By applying this principle, we can ob-
tain an innovation concept that radically shortens the
route to the gate of the die and injects molten metal at
a high speed without causing a significant temperature
drop. This innovation concept will shorten the cycle time
without increasing the fraction of defectives due to voids.

Instead of atechnical contradiction, we can formulate
the same elemental conflict ¢, into a physical contradiction:

“molten metal injection should be at a high speed and
a high pressure to prevent incomplete filling, and should be
at a low speed and a low pressure not to generate voids”

and utilise the principle of separation. However, sepa-
ration in time has been already adopted by many die-cast-
ing machines through changing the plunger speed in the
middle of the injecting process. Hence, here we apply sep-
aration in space to this technical problem. Accordingly, we
can obtain an innovation concept that raises the pressure
of the molten metal only in some areas in the die after
completing injection.

At this step, we can also take up the other elemental
conflict ¢, concerning the engineering solution a,. When
formulating it into a technical contradiction by choosing
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speed as the attribute to improve and accuracy of manufac-
turing as the attribute to be degraded, TRIZ will suggest
the principle of preliminary action and the principle of
self-service and self-organization. Applying the principle of
preliminary action will lead to an innovation concept that
exhausts the gas from the die prior to molten metalinjec-
tion through a vacuum pump, and utilizing the principle
of self-service and self-organization will result in an inno-
vation concept that eliminates the gas through a reaction
with the injected molten metal itself, instead of exhaust-
ing it, by fulfilling the die with a reactive gas before start-
ing injection. These innovation concepts will significantly
decrease the fraction of defectives due to voids.

We can further combine the above innovation concept
obtained by the principle of skipping (rushing through)
with the innovation concept achieved by the principle
of self-service and self-organization into the function and
mechanism structure of the product to be developed.

As demonstrated above, the proposed approach ena-
bled to highlight the target of innovation systematically
within the whole function and mechanism structure of the
current base product, and the above die-casting machine
example suggested that the proposed approach will be
actually able to guide us to methodically derive some in-
novative conceptual design solutions. When dealing with
a product having a small number of engineering solutions
and elemental conflicts, a simple drawing like Figure 5 can
also guide the decision making process instead of DEMA-
TEL analysis. Hence, the full version of the proposed ap-
proach will be more effective for alarge-scale product.
However, it is also true that, the larger the scale of the
product, the more time-consuming to rigidly follow the
proposed decision making process. In order to use the
proposed approach efficiently for a large-scale product,
a conventional approach, such as Yamashina et al. [14],
can be used as a pre-processor to narrow down in advance
the engineering solutions and elemental conflicts to be
considered.

5. Conclusions

This paper proposed a systematic decision making
process for identifying the contradictions to be tackled by
TRIZ to accomplish product innovation in a target-qual-
ity-oriented way. An illustrative example showed that it
is capable of systematically guiding the conceptual design
process of an innovative product. The approach utilises
the engineers’ knowledge on the base product, for exam-
ple, the knowledge on the phenomena taking place while
the product is performing its function. Thus, when the
engineer using this approach is not so familiar with the
base product and hence some of the phenomena were re-
mained unknown, the available innovation concepts may
be limited. However, it is also true that the knowledge on
the phenomena only is often not sufficient for effective
product innovation. Therefore, the proposed approach
and a deep understanding of the base product should go
hand in hand to make the most of the approach.

How to handle a large-scale product efficiently is an
important future research topic. Further, we need to note
that the proposed approach is not the one and only way
to define contradictions, which prevent the given target
quality from being reached, in the base product. Thus, itis
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also aninteresting future research topic to establish other
approaches for capturing contradictions. A same contra-
diction may be described in a different form, and it may
resultin a differentinnovation concept. Itis not astonish-
ment since the conceptual design problem treated in this
paper is not a problem with a single right answer. That is,
the main objective of a systematicinnovation approach, as
the one proposed here, is not to derive one right answer,
but to enhance the efficiency of the innovation process.
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