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Improving the use of QFD with Axiomatic Design

Anténio M. Gongalves-Coelho,™ Anténio J. F. Mourdo and Zulema L. Pereira

Faculty of Science and Technology, The New University of Lisbon
Campus da Caparica, 2829-516 Caparica, Portugal

Abstract: Concurrent engineering employs a set of functional disciplines to simultaneously perform the tasks that lead to a product satisfying a
list of customer needs. Quality function deployment (QFD) is a methodology that has been broadly used to listen to the voice of the customer.
This article intends to improve the use of QFD in concurrent engineering by adoption of axiomatic design (AD) principles, namely the
independence of functional requirements and the hierarchical decomposition following a zigzag path. The conclusion is that the inclusion of
these AD concepts avoids multilevel iterations in the QFD approach, which can significantly reduce the lead time and costs.
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1. Introduction

The quality of a product depends on several activities,
and one of the most important is the design process
development. In fact, poor design is the root of roughly
80% of the perceived product defects and 60% of the
failures occurring in the products’ warranty period [1].
Moreover, about 80% of the manufactured products’
costs result from the decisions that were made during
the product design process [2].

Before the industrial age, a single human being
usually had the necessary knowledge and skills to
develop an entire engineering project. However, the
increasing intricacy of products, the advent of elabo-
rate technologies, and the escalation of the market’s
competitiveness changed this scenario. Nowadays, the
development of most of the new products calls for
multidisciplinary knowledge, and therefore engineering
design has evolved into typical team working. This has
led to new organizational evolution and concurrent
engineering (CE) is one of them.

The CE approach systematically employs a set of
functional disciplines to integrate and simultaneously
perform all the tasks that yield to a product satisfying a
list of customer needs. Its main goals are to shorten the
products’ time to market, to increase their quality and
performance, and to reduce their overall life cycle costs,
from conception through disposal.

As a paradigm for the design process, CE allows for
the adoption of some design theories and methodologies,

*Author to whom correspondence should be addressed. E-mail: agc@fct.unl.pt

such as quality function deployment (QFD), axiomatic
design (AD), design for manufacture and assembly
(DFMA), value engineering (VE) and failure mode and
effects analysis (FMEA). This article intends to show
that axiomatic design can lead to an improved use of
QFD to attain a better concurrency.

2. The Axiomatic Design Theory
2.1 Main Principles

Axiomatic design was developed by N.P. Suh in the
late 1970s to be used as a systematic model for
engineering education and practice. Its underlying
hypothesis is that there are fundamental principles that
govern good design practice [3,4]. AD key components
are domains, axioms, hierarchies, and zigzagging.

Under the AD point of view, the design outputs
pertain to four distinct domains: the customer domain,
the conceptual domain, the physical domain and the
process domain (see Figure 1).

The design process begins in the customer domain
with the identification of the customer needs (CNs), i.e.,
the features that customers are looking for in the ‘design
object’, be it a product, a process, or any other tangible
or intangible system. Mapping between the customer
and the conceptual domains is used to find out the
functional requirements (FRs) of the design object.
Once this is done, another mapping makes the transla-
tion of the FRs into design parameters (DPs), which are
the set of properties that describe the object in the
physical domain. At last, mapping from the physical
domain to the process domain leads to the process
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Figure 1. The design process as a mapping through domains.

variables (PVs), which outline how to make the design
object.

The so-called input constraints are considered at the
outset of the design process. Additional constraints —
the system constraints — can only be unveiled during the
design process development, because they depend on the
partial solutions that are adopted later on.

Mapping between any two contiguous domains is
represented by a design equation. Mapping from
the functional to the physical domains, for example,
is given by

{FR} =[A{DP}, (M

where {FR} is the functional requirement vector, {DP}
is the design parameter vector, and [A] is the design
matrix, whose generic element is

IFR;

A =—1L
Y 9DP;’

i=1,....,n; j=1,....,m. (2)

Therefore, A; measures the local sensivity of FR; to the
variation of DP;.

Each one of the above-mentioned mapping steps
is not unique, and depending on the way they are
performed, they may lead either to ‘good design’ or to
‘poor design’. According to AD, good design must
comply with the independence and the information
axioms.

Independence axiom: Maintain the independence of
functional requirements.

Alternative statement: In an acceptable design, mapping
between the FRs and the DPs is such that each FR can
be satisfied without affecting the other FRs.

As regards the independence axiom, there are three
basic design types: uncoupled, decoupled, and coupled.
Ideally, the number of DPs in the design equation has to
equate the number of FRs, in case of which the equation
matrix is squared. The best designs are the uncoupled
ones, whose equation matrix is diagonal. If the equation
matrix is triangular, then the design is decoupled and is
still acceptable. Any other configuration of a squared

Probability

density

1 Target

Bias

System pdf
Design range /

Area within
| common rang

| System range | FR

|t Lt}

Figure 2. The probability of success for a one-FR, one-DP
design (adopted from [4]).

design matrix relates to a coupled design and should be
avoided. Moreover, design equations with less DPs than
FRs are coupled and should also be avoided. At last,
if the number of DPs is larger than that of FRs, then
the design is either coupled or redundant. Redundant
designs are acceptable, if they are uncoupled or
decoupled.

For a given problem, it is most likely that one can
find distinct solutions that are acceptable in what to
the independence axiom concerns, in case of which the
information axiom provides a quantitative means for
evaluating their relative merit.

Information axiom: Minimize the information content of
the design.

Alternative statement: In a set of designs that satisfy the
same FRs and conform to the independence axiom, the
best is the one with the minimum information content.

In the simple case of a one-FR, one-DP design, the
information content is defined as being the logarithm of
the inverse of the probability of achieving the desired
value for the FR:

(area of the system range)

I =1log,
O8x (area of the common range)’

(©)

where the area of the system range is the entire area
under the FR’s probability density function (pdf), and
the area of the common range is the fraction of the
above-mentioned area that is located inside the
design range limits (see Figure 2). Usually, logarithms
of base 2 are used, in case of which the information unit
is the bit.

The total information content, /;, of an uncoupled
design with n FRs, can be computed through

n

n
L=Y —logp;=) I “4)
i=1

i=1

where p; is the probability of satisfying FR;. Computing
the information content of a decoupled design requires



Improving the use of QFD with Axiomatic Design

235

FRy 4 ~ DP 4
FRs FRo FRzo |— | DPy; DP; DP, 3
FR3y || FRs2 || FRs3 || FR34 |—= | DP34 || DP35 || DP33 (| DP3y4
Functional domain Physical domain
Figure 3. Zigzagging and hierarchical decomposition.
a complex procedure (which is not discussed here) TRADE-OFFs
and its amount is never exactly the sum denoted by
Equation (4) [5]. h
Open-Close Sealing-

2.2 Hierarchies and Zigzagging

The design process is mostly synthesis and a unique
procedure must be used to achieve the design object
decomposition. In fact, there is a difference between
analyzing an already existing object and decomposing
an object that still does not exist in our mind and is
about to be created.

According to AD, the design process must be
developed in a top—bottom manner, beginning in the
functional domain, at the system level, and continuing
through levels of more detail until the point where the
design object is defined with sufficient detail. Moreover,
to decompose a ‘not yet existing object’, one has to go
back and forth between at least two contiguous design
domains, following a zigzag path, as shown in Figure 3.
The process is called hierarchical decomposition, and its
output comes into view in a fractal-like representation
[6]. The result can be depicted by a tree-model in each
one of the four design domains.

Zigzag decomposition delineates the design object’s
hierarchy and turns designing into a controllable
process, because the combination of the hierarchy with
the design equation unveils the interplay that exists
between all the design elements. This may not be
especially important for the re-design of existing objects,
but is of paramount importance when designing new
ones. As will be seen later, the hierarchical decomposi-
tion through zigzagging is quite important to achieve a
sound CE process.

3. The QFD Methodology

QFD is a team-based multifunctional technique
meant to provide a systematic way to improve product
quality. It was developed in the 1960s, in Japan, and
spread to the western countries in the early 1980s [7]. In
short, QFD provides a means to catalogue the perceived
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Figure 4. The house of quality (adapted from [8]).

needs of the customer and to translate them into design
specifications, all over product planning, product
design, process design, and production planning. The
key element of QFD is a combined chart that is known
as the House of Quality (HOQ), as shown in Figure 4.

The core of HOQ is the relationship matrix, which is
used to map the customer attributes or requirements
(the “‘WHATS’) into engineering characteristics (the
‘HOWSs’) that must be adjusted to fulfil the customer
needs. The trend and the strength of those relation-
ships are recorded in the relationship matrix with special
symbols. The customer attributes are usually bundled
according to an affinity criterion.

The ‘basement’ of the HOQ, which is also called the
‘HOW MUCHes’, has two fields. The first one,
objective measures, summarizes the engineering char-
acteristics as they were measured on the products that
are under scrutiny. As for the second, it is meant to
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The ‘roof”’ of the HOQ is the correlation matrix (or Make Camera
‘TRADE-OFFs’), which records all the existing positive image
and negative interactions between the distinct HOWs.
Usually, the positive interactions are considered as
redundancy, and the negative ones are regarded as
sources of conflict that have to be managed through
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is to show how the customers rate the attributes of the
distinct competitive products under analysis, including
the one that is being developed. These figures help the
engineers to perceive the attributes are worth improving.

HOQ does not acknowledge the existence of design
constraints, and in an ideal case is applied to all the four
sequential phases of the product’s development cycle
(see Figure 5). Each phase can be deployed in several
matrices, depending on the product to be developed.

The four-phase approach provides a comprehensive
and appealing chart that allows one to assess the effect
of the design changes on the fulfilment of the require-
ments, and which can be used to implement CE [9]. Let
us assume that each QFD phase corresponds to a single
matrix and that the HOWSs of each matrix become the
WHATS of the next one.

4. Axiomatic Design and QFD

Considering the QFD phase II (Figure 5), both AD
and QFD outline the design process as a mapping
between domains, and both the QFD’s relationship
matrix and the AD’s design matrix have the same
meaning: they express the sensivity of each WHAT (or
FR) relative to each one of the different HOWs
(or DPs). However, QFD and AD make use of those
matrices in distinct ways.

The criteria generally used in QFD to group the
customer needs does not focus on the product’s
architecture, the knowledge of which is necessary when

N

Figure 6. Completing the functions [9].

designing products from the scratch. This deficiency is
openly recognized by some of the major QFD experts: in
their own words, QFD is not useful for the creation of
new products °...because quality deployment stops at
the point where quality has been deployed to a level that
is extremely difficult to attain. A quality chart created
from this type of deployment does not lead to anything
new because products of such a quality chart are merely
combinations of the available technologies’ [10, p. 299].

In an interesting book, Clausing gives the impression
of overtaking the above-mentioned flaw by adopting
a decomposition technique (see Figure 6) that is roughly
inspired by the AD’s zigzag approach [9, pp. 233-239].

In our opinion, however, the attempt is not successful
because his decomposition procedure is loose in what
the zigzagging concerns. In the photo camera example
of Figure 6, FR;l is used to achieve DP,1, which
belongs to the second level of the functional tree. Then,
DP,1 is used to find all the second level FRs, as
shown in Figure 6. He proceeds by coming back to the
hardware tree to find out the remaining second level
DPs (not shown in the figure). The decomposition ends
at this level, with no indication about how to proceed to
lower levels, which is frequently required in real design.
Additionally, Clausing does not precisely follow AD’s
zigzagging procedure, and states that the decision-
making sequence does not need to strictly alternate
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Figure 7. The design of a photo camera.
between functional requirements and design parameters | Breadth

[9, p. 236]. At last, he says that DP; (the camera) is
essentially a tautological name that is not really
necessary to the decomposition [9, p. 234].

We have a different point of view: departing from the
same top-level functional requirement, ‘make image’ —
and not knowing, at the outset, which is the best way to
achieve this — our top-level decision would be to choose
a type of device that allows making images. It could be a
canvas, a mirror, a video camera or, of course, a photo
camera. After having chosen the photo camera solution,
we would jump to the second level of the functional tree,
to find out the main functional requirements that the
photo camera should have, as shown in Figure 7. Then,
we would use the second level FRs to make more
decisions, that is, we would choose the second level
physical solutions in the hardware tree. The decomposi-
tion would proceed in this way until the appropriate
level of detail was achieved.

One can ecasily realise that each decomposition step
of Figure 7 represents a decoupled design. One can also
verify that the procedure was achieved following a strict
zigzag path, for the decisions that are made at each
decomposition level have important consequences in
the definition of the lower level FRs [11]. Therefore, the
allusion to the photo camera is not tautological for us:
should we have chosen a canvas, for example, and at
least FR,, (focus image), FR,3 (control light) and
FR, 4 (block light) would be meaningless.

Our conclusion is that the camera example of Figure 6
does not depict the decomposition as it should be done
in a true design situation, but corresponds to a reverse
engineering exercise. Actually, using DPs to generate
FRs is a strong challenge to a peacefully accepted design
rule, which states that the perception of any desired
function (the WHAT, or FR) must precede the search for
the corresponding design solution (the HOW, or DP).

We understand that there are many different ways to
decompose an object. Pahl and Beitz [1], for instance, do
not use the concept of design domains (or trees), and do
not zigzag at all. But if we are really designing a new
object from the scratch, then we have to strictly alternate

Traditional engineering
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Figure 8. The decomposition process in traditional and in
concurrent engineering.

between the design domains. In fact, any coupling that is
not solved at a certain decomposition level cannot be
decoupled at the lower levels. Moreover, full concurrency
depends on nondependency, as we will show here.

Figure 8 depicts the path that is followed during
the design decomposition, for both traditional and con-
current engineering processes. One can consider that the
design process has two dimensions: breath represents the
scope of the design process, and depth the attained level
of detail.

Usually, the customer needs are defined in an
imprecise language, and hence it is often impossible to
hierarchically map the CNs and the FRs by following
a zigzagging path. This is a condition where the use of
the HOQ can be highly valuable. After acquiring the
FRs, there are two possible ways are to perform the
decomposition.
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In traditional engineering, one begins zigzagging
between the functional and the physical domains until
the design object is sufficiently detailed. Next, the
zigzagging between the physical and process domain is
performed. It may happen, however, that one cannot
find out any acceptable solution for the entire depth
of the DP to PV decomposition. In this case, it is most
likely that a substantial part of the FR to DP mapping
has to be repeated in both the breath and the depth
direction. This may represent a significant loss of time
and of other resources.

In concurrent engineering, on the other hand, the
zigzag path encompasses the entire design breadth (with
the possible exception of the CN to FR mapping) and this
is why nondependency is important. In this case, some
iterations at any given decomposition level may be
necessary, but it is guaranteed that there is no need to
reiterate the higher decomposition levels. This means that
the probability of success in the use of the HOQ is higher
if the grouping of the WHATSs and the HOWs is carried
out under the AD principles, by grouping them accord-
ing to the decomposition level to where they belong.

5. Further Remarks

Current QFD makes no discernible distinction
between requirements and constraints. This is quite
perceptible in the example of the car’s door in Figure 4,
wherein can find requirements such as ‘doesn’t quick
back’ and ‘no road noise’. In our opinion, nonassertive
statements should not be assigned as requirements, but
rather as constraints. This would allow the diminishing of
the number of requirements. Notice that according to the
AD approach, the lesser the number of DPs, the easier
it is to achieve uncoupled or decoupled design solutions.

On the other hand, common QFD lacks a broad
criterion to assess the performance of alternative design
solutions. In fact, QFD uses benchmarking, which
is satisfactory when one is trying to improve an existing
design by comparing it with alternative solutions.
However, when a new design must be developed from
scratch, there are no prototypes to benchmark. In this
case, the full use of the HOQ is possible only in
advanced stages of product development, when proto-
types become available.

One may wonder if the disregard to the product’s
architecture and the lack of comprehensive assessment
criteria are the true reasons why so many designers use
QFD just to perform product planning [12, p. 68, 309],
thus failing to achieve concurrent engineering as they
were supposed to. In fact, current QFD challenges the
designers at improving the quality of the design objects
just by enhancing the quality of its components, not
stimulating to the search for alternative design solutions
with a better architecture.

6. Conclusions

Quality function deployment is a widespread design
methodology, whose most impressive feature is the
House of Quality, an ingenious and comprehensive
layout to document of the whole design process.

In its current form, QFD is a good tool for improving
existing designs, but is not the most suitable instru-
ment for the concurrent development of new products,
because: (1) it does not capture the design object
architecture, which is crucial for the design of new
objects and for the in depth redesign of already existing
ones; (2) it does not make use of consistent criteria to
empower the engineers to make good decisions,
especially in the early steps of the design decomposition
process; (3) it is not intrinsically concurrent and does
not encourage the designers to search and compare
alternative design solutions.

In the present article, it is clear that AD’s design
matrix and QFD’s relationship matrix represent the
same reality, differing only in their format.

Using simple examples, it was also shown that AD
provides: (1) a systematic procedure to decompose the
design object that captures its architecture; (2) a set of
unchanging criteria that is essential to promptly assess
the engineering design decisions at any point of the
design process, with a strong focus on the FR
nondependency; (3) an intrinsically concurrent working
background that promotes the fast generation of new
design solutions.

Therefore, the main advantage of including the
principles of AD in the QFD implementation is to
avoid multilevel (in depth) iterations. This fact can
significantly reduce the lead time and, consequently,
decrease costs and improve the competence of the
organization.
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