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1. INTRODUCTION

QFD is a structured method to translate the voice of
customer into a final product through various stages of
development and production [1]. QFD has proven to be useful
to support product developers to meet the customers’ needs by
determining on the most paramount part of engineering
characteristics development [2, 3]. After the itiation by Akao
[4], QFD is now extensively utilized around the world as the
basic tools to identify the customers’ requirements [3, 5].

In the beginning of the QFD initiation, engineering
characteristics were frequently justified by the engineer expert
judgement. The result from this process repeatedly gives
subjective opinions and is diverse among experts’ judgement
[2, 6]. Recently, benchmarks are utilized to measure the
engineering characteristics [1]; however, this method has not
quantitatively specified the procedure to determine the
relationship  between  customers” requirements and
engineering characteristics [7]. Therefore, an optimization
model to translate the relationship between customers’ needs
and engineering characteristics are required.

The method begins by identifying the customer’s
requirements (CRs) and translating those requirements into
engineering characteristics (ECs), and subsequently into part
characteristics, process plans and production requirements.
Each translation process is carried out using a matrix to
convert the input (WHATS) into output (HOWSs) [8, 9]. This
paper is focused on the first translation matrix, called HOQ.
HOQ is considered fundamental in the QFD process, since it
largely affects the later translation process. Thus, this paper is
focused on several main parts of HOQ.

There are several methodological flaws in the conventional
HOQ. The conventional HOQ has no explicit justification in
choosing rating series (e.g. 1-3-4 or 1-5-9) to express the

istics, as well as the lack of a structured process for determining

design specifications. Therefore, this study proposes a formal HOQ procedure to
determine the technical targets of engineering characteristics. The swing method and a
specific normalization technique are utilized to incorporate correlations between
engineering characteristics, aiming to improve relationship ratings. Additionally, an

model has been devised to maximize customer satisfaction within the

constraints of available organizational resources. The procedure is illustrated using a
wooden dining chair design as an example.

relationship between customer requirements and technical
requirements [10]. Moreover, the relationship rating in HOQ
— which are measured on interval scale (even on ordinal scale)
— are usually treated as of measured on ratio or proportional
scale [11]. The relationship ratings are employed in later
computation to obtain the EC priorities. The computation
involves mathematical operations  that should use
measurements data on ratio scale. Inappropriate rating scale
that is utilized in mathematical operation may lead to wrong
prioritization of the ECs [11].

Several researches have developed mathematical models to
solve those methodological problems. Askin and Dawson [12]
and Park and Kim [13] proposed a mathematical model that
involved the resource constraints and method to set the
relationship ratings between ECs and ECs. An integrated QFD
with stochasticity has been developed by Wang et al. [14].
Further, a new approach for engineering characteristics
prioritization has been developed by Shi et al. [15] and Xiao
et al. [16]. Then, a study from Ping et al. [17] extended the
integrated approach to determine ECs prioritization in QFD.
Likewise, Mistarthi et al. [18] developed the prioritization
model by combining QFD models and fuzzy ANP to
determine the weight for ECs. The sophisticated model using
fuzzy theory have been developed by Kang and Nagasawa
[19], Lim and Chin [20], Aydin et al. [21], Xing et al. [22] and
Liu et al. [23]. However, those researches still leave the
weakness about the absence of formal decision model to assist
the design team in prioritizing and/or setting technical targets
of the ECs, with the aim of maximizing customer satisfaction,
and subject to organizational resource constraints.

After carrying out a thorough literature review, here are the
unresolved matters that require further examination to address
the weakness of the previous literature. First, the extant
research so far still heuristically converts the CRs into design
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specifications, so it is difficult for decision makers to quantify
exact numbers representing the relationship of CRs and ECs
due to mmprecise nature of human judgment. Second, the
nature of decision makers differs significantly due to their
background of knowledge and the goal of their departments
which frequently contradict each other so it is hard to achieve
agreement. Third, the effect of dependencies among ECs was
not properly accounted for when prioritizing the ECs.

To respond to those weaknesses, this paper addresses those
issues by modifying the traditional HOQ technique and
developing a comprehensive mathematical model to derive the
target of the ECs. The main contributions are:

(1) This study utilizes weighted average of the importance
ratings to convert the CRs to ECs and to make a consensus
among decision makers.

(2) This study proposes a relationship ratio to incorporate
the effect of dependencies among ECs that was not addressed
properly in the previous research.

(3) This study presents a method with a detailed process and
numerical illustration that is supposedly advantageous for
professionals in the industrial sector to convert customer
expectations into design specifications.

2. THE PROPOSED MODEL

The proposed HOQ technique was developed based on Erdil
and Arani [24] and Park and Kim [13], instead of determining
the optimal EC set to be considered in the design, the aim of

the proposed technique is to establish the optimal
specifications. The procedure incorporates a method to elicit
the utility weights in multi-attribute decision problems, i.c.
swing method to assess the magnitudes of relationships
between CRs and ECs. The weight of O represents the
extremely irrelevant EC (so that can be regarded as no
relationship with the concerned CR), while the value of 100 is
assigned the most related EC [25-27]. Weights of the other
ECs are defined proportional to that obtained by the most
related EC. Then, the relationship rating between CR; and EC;
(i.e. Ry;) is obtained by nomalizing the weights, so that
1 Ry=1forall i.

The obtained rating shows a continuum of
specifying the ng magnitude of the relations!
representing the order of strength (weak — medium
Thus, those ratings are considered more meaningful.
Afterward, the relationship ratings are normalized using Eq.
(1) to accommodate the dependencies between ECs.

rating values

Th=1Rik-vij V=7
“vn wvn p . Yik~T rkj
Bler i Rejeyin !

"™ = normalized rating between CR; and EC;
R;j = relationship rating between CR; and EC;
¥jx = dependency rating between EC; and ECy,
The new HOQ technique is presented in Figure 1.

START

Step 1.
_Identifying the CRs and its importance.
- Identifying the DRs which are relevant to CRs
- Identifying the magnitudes of dependencies between ECs.
- Collecting informati on about the inprovement cost of each EC.

- Collecting the improvement range of each EC, including the direction of the
technical improvement.

- Collecting the improvement coefficient of each EC and organizational resource
constraints data.

'

Step 2.
- Measuring the relationship weights between CR and associated ECs using the
swing method.
- Normalizing the relationship weights, i.e. the relationship ratings between CRs
and ECs, to accommodate dependencies between ECs.
- Computing the ECs priority ratings using the conventional HOQ technique.

!

Step 3.
Formulating a mathematical model to derive the optimal design specifications. in
order to maximize the customer satisfaction, and subject to the organizational

resource constraints.

Step 4.
Establishing the optimal technical target of each ECs.

Figure 1. The proposed HOQ technique
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The proposed technique begins by identifying the CRs as
the main input for HOQ (step 1). There are three methods
which are commonly used for gathering the CRs: interviews,
focus groups and observing the product in use [28]. For most
products, fifty interviews are possibly too many, but ten
interviews are possibly not enough to reveal most of the CRs.
As a practical guideline, for a product, thirty interviews might
reveal 90 per cent of CRs, whereas 2 hours focus group
uncover nearly the same number of CRs as two 1-hour
interviews [29].

Then a survey is conducted to assess the Importance rating
of each CR. For CR;, i=1 to m, the weighted average of
importance ratings is computed using Eq. (2).

P oo
goverage _ a0 o
‘ —an=1¥ "
Q
where,
(ifmemge = the importance rating’s weighted average for
CR,

@' = number of respondents at rating n" (a p' point scale
rating is used)

@ = total number of respondents

For the purpose of optimization model,

normalized, so that the sum ufd?'mmge for all CR; is equal to
one (see Eq. (3)).

average .
dfrTesE s

average L.
d; =

3)

D; = the normalized importance of the CR;

After the CRs are identified, the associated ECj, j=1 ton,
are generated, as technical metrics of CRs, and the magnitudes
of dependencies between ECs are assessed. All of the
correlation values between EC; and ECy, denoted as yj. are
placed on the top (the roof part) of HOQ.

Next, the technically achievable range for each EC is
described, including its direction of improvement. The
technically achievable range restricts the improvement span
for EC, thus, the technically achievable range can be
considered as the improvement range. For EC; . the

improvement range is defined by the lower bound L; and
upper bound Uj. In designing commercial products, the
marginally acceptable range may be used as an additional
constraint to the improvement span. Marginally acceptable
range of certain EC represents the technical range that would
just barely make the product commercially viable [28].

Also, information regarding the resource constraints is
collected. The organizational resource constraint maybe
described as the amount available cost and/or time to make
improvement. The improvement coefficients ( Cj), which
represent the amount of resource needed to make a unit
improvement of EC;, need to be identified in defining a
resource constraint. In this paper, the amount of available
organizational resource is denoted by B.

In step 2, the swing method is applied to assess the
relationship weight between CRs and ECs. Swing method is
commonly used to assess the weights in an additive multi
attribute utility function. Next, the normalization procedure
(see Eq. (1)) is applied to the relationship ratings, to
accommodate the dependencies between ECs. The priority
ratings of each EC are computed using the conventional HOQ
technique as shown by Eq. (4).

A=E, D R (4)

where,
Aj = the absolute priority rating of the EC;
Afterward, an optimization model is constructed (step 3).
The complete formulation is presented by Eq. (5) to Eq. (7).

Max Z = X1, A5 Xj (5)
Subjectto VX = [zj‘:ﬂ for the case the smaller the better,
or
T-Uj .
=3 for the case the larger the better (6)
=Ly
n
DCEEL )
Jj=1
where,

Z = the achieved customer satisfaction level

L; = the lower limit of the improvement range of EC;

= the upper limit of the improvement range of EG;

j = the technical target of EC;

j = the percentage of the technical improvement of EC;
j = the improvement coefficient of EC;

B = the amount of available resource for design
improvement

The optimal design specifications are obtained by solving
the optimization model to find the optimal technical target (T})
for all j (step 4).

3. AN ILLUSTRATIVE EXAMPLE

The illustrative the new HOQ technique, an example of
designing a wooden dining chair is presented. The first step in
implementation of the new HOQ procedure 1s collecting input
data. A survey conducted to identify the CRs of a dining chair.
Thirty lead users were intensively interviewed. The interview
results revealed that there are five CRs. Then, the second
survey was conducted. 263 respondents filled the
questionnaires to assess the importance of CRs in a four-point
scale. For CRy, the weighted average of the importance ratings

dT9Y was computed using Eq. (2). As an example,
was computed as follows. The respondents’
assessment results for CR; showed that there were 4
respondents assigned the value of 1, 20 respondents assigned
the value of 2, 80 respondents assigned the value of 3 and 159
assigned  the value of 4. Then, """ =
()02 HEDE)Ha50x8) AT i equal to 3.498.

i
daueraye
i

263
Next, (ifwemge were normalized using Eq. (3) to obtain D;,
for all i. Description of CR; and the associated df "¢ forall

i are shown by Table 1.

The weight of customer needs is obtained by dividing the
average weight of each customer requirement by their total
sum so that weight for CR,, CRz, CR3, CRyand CRs are 0.228,
0.188, 0.206, 0.212. 0.164 respectively. Fifteen related ECs
were generated to represent the CRs identified. Then, all v,
improvement spans (denoted by L; and Uy) and the direction
of improvements were defined (as presented by Table 2). The
improvement ranges were established with respect to
technically achievable ranges and human anthropometry.




Meanwhile, the design team also collected the data Table 1. Customer requirement list
conceming the resource constraint (i.e., j for all j and B).

The existing dining chair was designed in the worst Description direree
specifications, so it produced the worst customer s tion CR, Robust 3.498
level (0%). There were some available resources to improve CR, Unhampered seat 2.890
the dining chair design. In this case example, B was CRy Right h‘_ﬂghl from the ;.ground 3171
represented by the cost budget and Cj represented the cost CR, Comfortable back of seat 3'232
needed to make a percentage improvement of EC;. CRs Light weighted 2.521
Table 2. Engineering characteristics list
Description Improvement Range Description of Improvement

EC; Length of front leg 5-7cem The larger the better

EC, Width of front leg 5-7cm The larger the better

ECy Height of front leg 39.5-41.5 cm The smaller the better

ECy Length of back leg 5-7cm The larger the better

ECs Width of back leg 5-7cm The larger the better

ECs Height of back leg 39.5-41.5 cm The smaller the better

ECq Width of seat 53.6-58.6 cm The larger the better

ECg Length of seat 42.4-45 cm The larger the better

ECy Seat thickness 1.2-4 cm The larger the better

ECio Height of arm rest 23-245cm The smaller the better

ECyy Length of arm rest 30.7-33.7 cm The smaller the better

ECy» Width of arm rest 9.1-10.8 cm The larger the better

ECi3 Width of back of seat 43-46.6 cm The larger the better

ECi4 Length of back of seat 55.3-59.9 cm The larger the better

EC;5  Angle of back of seat (and horizontal axis) 90-100° The larger the better

The available cost budget was IDR 10000. C; for j=1 to 15 to the best.
were as follows: 2312.02, 2312.02, -881.7, 2312.02, 2312.02, (2) The team was asked to rank the ECs. one by one, by
-881.7, 20047.35, 15858.35, 8067.864, -395.595, -711.24, specifying which EC that has the most significant impact on

1222.436, 3837.169, 3974.722, 0. In this case, C; mostly satisfying a certain CR if its value swings from the worst to
the best.

(3) EC with the most significant impact on satisfying CR
would obtain the value of 100. The other EC would be
compared to the most significant and would be rated
proportionally on 0-100 scale. The completely irrelevant EC
would gain the weight of 0. The results are shown on Table 3.

The normalization procedure was employed so that the sum
of the weights is equal to one, as can be seen in Table 4.

concerned with the material cost and the negative values of C;
were defined for E C; with the smaller the better characteristic.

Then, the second step of the proposed technique was
conducted. A technical expert was asked to assess the
relationship weight between CRs and ECs using the swing
method as follows:

(1) Two alternative designs were shown to the technical
team, one leads to the worst specifications and the other leads

Table 3. The impact ratings of ECs to CRs

ECi EC: EC: ECG ECs EC ECG  ECy EC  ECw ECu ECn EC: ECu  ECis

CRy 50 50 70 50 50 100 70
CR2 100 80 30 30

CR: 100 80 70

CR4 50 80 100

CRs 20 20 40 20 20 40 100 70 70 20 20 20 70 70

Table 4. The normalized impact ratings of ECs to CRs

EC: EC: EGC: EC. ECs ECs EC+ ECs ECy ECw ECu ECn ECi  ECu  EC:s

CRi 0114 0114 0159 0.114 0.114 0.227 0.159
CR: 0.417 0333 0.125  0.125
CRs 0.400 0.32 0.280
CRa 0217 0348 0435
CRs 0.033 0.033 0.067 0.033 0.067 0.067 0.167 0.117 0.117 0.033 0.033 0033 0.117 0.117
Then, the other normalization procedure (Eq. (1)) was results were arranged in the relationship matrix of the HOQ.
employed to the normalized weights. The normalization The example of normalization for Rs; is as follows:
Rnorm — R33-¥as + Ras-¥es + Rao- Yoz
33

" Raz-¥as + RasVes + Rao-Yos + Ras-Yes + Rag-Yes + Rao- Voo + Raz- Yoz + Ras-¥eo + Rao. Yoo
(0.4% 1)+ (032 % 9) + (0.28 = 9)

“04+ D +(032+9) + (028+9) + (04 +9) + (032+ 1) + (0.28+9) + (0.4+9) + (0.32+9) + (0.28 » 1)

norm
R33
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Then, the complete HOQ matrix could be developed as

Later, the absolute importance for the EC; (that is Aj) were
shown by Figure 2.

computed for all j (Eq. (4)). For example: 4; =(0.228 =
0.128) + (0.164 * 0.035) = 0.035.

\
. \ P
"
9 <)
1 X X £
11 oK 9
33 <9 >\ 9 9 . \
3571 1 3 \,<j 3 234 < PN
303 A0 )3 K3 (33 ) 35 3
Normalized N N . / - . N\ /
Imponance . . -~ ~ . ~ .
EC, | LG |G ECy LCs LG |EC; | BCy | BEC, |EC, | EC) EC | ECRIEC ECs
CR, 0218 | 0128 | 0128 | 0248|0130 0130 0204 o013
TR, 019 0102 | 0353 0129 0357
CR+ 0206 0.3035 0,539 0,356
CRy 0212 0468 0,371 0161
CRs 0164 GO3F 0055 0131 D035 035 0131 | 0126 [ 05T | 0143 [ 0025 G078 0009 [ 913 | 0051
m:;:»::\:; 0.035 | 0.035 | 0,111 0.138 | 0051 0097 [0.029 0.081 0.001 |0.121 | D081 | 0.037
Figure 2. The complete HOQ for a dining chair design
Table 5. Optimal solution X, =(T,=5)/(7-5) (9)
Variable  Value  Variable  Value X, = (T, =5)/(7-5) (10)
Ty 5em X 0%
Tz 5.376 cm X3 18.784% X3 = |(T; — 41.5)/(41.5-39.5 11
7 95 o X To0% 3= |(Ty )/( )l (1)
T, 7em 7 100% o _
Ty 7em X, 100% X4 = (Ty = 5)/(7 - 5) (12)
Tg 39.5cm Xg 100% _
Ty 53.6 cm Xq 0% X5—(T5 - 5)/(7 - 5) (13)
Ty 424 cm Xo 0%
Ty 1.2em Xo 0% Xg = |(Ts — 41.5)/(41.5 - 39.5)| (14)
T 23 cm X0 100%
T 07em Xy 100% X, = (T, — 53.6)/(58.6 — 53.6) (15)
T2 9.1 cm X1z 0%
Ty 466em Xy 100% Xg = (T — 42.4)/(45 — 42.4 16
T S90em Xy, 100% o= (T e ) e
Tis 100° % 100% Xy = (T, — 12)/(4 — 12) (17
The third step is formulating the optimization model. The X0 = |(Tyg — 24.5)/(245 — 23)| (18)
appropriate mathematical model is presented by Eq. (8) to Eq.
24). Xux = |(Ty, — 33.7)/(337 - 307)| (19)
Max Z = 0.035X,+0.035X,+0.141X;+0.037X, Xy, = (T, —9.1)/(108 — 9.1) )
+0.037X5 + 0.138X+0.051X + 0.076Xg ®
+0.097Xo+0.029K1+0.081X;,+0.001X4 Xus = (Tys — 43)/(46.6 — 43) @n
0.121X,5 + 0.121X,, + 0.037X,
Xi4 = (Ty4 — 55.3)/(59.9 — 553) (22)

Subject to
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X5 = (Ty5 — 90)/(100 — 90) (23)
2312.02X,+2312.02X,+(—881.7X4)+2312.02X,
+2312.02X,+(—881.7X,)+20047.35X,+15858.35%,
+8067.864X4+(—395.595X, )+(—711.24X,,) (24)

+1222.436X,,+3837. 160X, 4 +3974. 722X, ,
+(0)X,5 10000

Lingo 19.0 was used to solve the optimization model to
derive the optimal specifications. T; and the associated X;, for
all j, are shown in Table 5.

The optimal specifications lead to the customer satisfaction
score of 71.15%. The graphical representation of the dining
chair with optimal specifications is shown by Figure 3.

Improved Specifications

Existing Specifications

43 cm

55,3 cm

33,7 em
41,5 cm

39,5 cm

5,1em

91 cme-

53,6 cm

Figure 3. Existing and improved design

4. ANALYSIS AND DISCUSSION

In the formation of HOQ matrix, several pieces of
information are required, namely customer needs, customer
importance weights, technical characteristics, CRs and ECs
relationships, ECs relationships and absolute importance. The
relationship ratings between ECs have been normalized. With
this normalization, it is expected that new priorities can be
formed as it accommodates the relationships between
engineering characteristics. For example, comfortable back of

1616

seat (CR4), which is related to engineering characteristic
backrest position (E£Cjs), before normalization, EC;s was the
dominant characteristic influencing CRy with a rating value of
0.435. However, after normalization, EC;s becomes non-
dominant, with a value of 0.16. This is because £EC;s does not
have a relationship with other engineering characteristics (in
this case, EC;; and EC 4).

To determine customer satisfaction level, it has been
expressed with mathematical Eq. (5). X; represents the
percentage of technical improvement of EC; with values
ranging from 0 to 1, and 4 is the absolute priority rating of
the EC; . The maximum value obtained for customer
satisfaction is 1 (100%). The range constraint of EG is
established with Eq. (6), where T; represents the technical
target of EC; with lower and upper limit of the improvement
range. Another main constraint is the product development
cost represented by Eq. (7). If there is no improvement in ECj,
then the value of C, for that EC‘, will be 0.

We can see from Table 5 the optimal solution, it is apparent
that for Xy, X7, Xs, Xo, and X2, the values are 0, indicating
that their performance is within the minimum range of
characteristics or equal to the initial characteristics.
Conversely, Xs, Xa, Xs, X, X0, X11, Xz, Xis, and X15 are
within the performance range of maximum characteristics.

The sensitivity analysis was conducted to determine the
change in budget towards customer satisfaction. Table 6
illustrates the contribution of budget changes for every
increase of 1000 IDR towards the improvement of customer
satisfaction. In this numerical example, the given budget is
10000 IDR, resulting in a customer satisfaction level of
71.15% at this budget.

Table 6. Sensitivity analysis on budget change to customer
satisfaction improvement

Budget (IDR) Customer Satisfaction (%) Delta

1000 54.77

2000 56.88 211
3000 58.99 21
4000 6L.11 212
5000 63.19 2.08
6000 64.79 1.60
7000 66.39 1.60
8000 6799 1.60
9000 69.59 1.60
10000 TL15 1.56
11000 72.67 1.52
12000 74.19 152
13000 75.70 151
14000 77.20 1.50
15000 7847 1.27
16000 79.67 1.20
17000 80.88 1.21
18000 82.08 1.20
19000 83.28 1.20
20000 84.48 1.20
21000 85.68 1.20
22000 86.89 121
23000 87.55 0.66
24000 88.03 048
25000 88.51 048
26000 88.99 048
27000 89.47 0.48
28000 89.95 048
29000 9043 0.48
30000 9091 0.48




Table 6 indicates that an increase in the budget by 1000 IDR
results in a customer satisfaction improvement of
approximately 2%. However, when the budget exceeds 23000
IDR, the increase in customer satisfaction becomes
insignificant, reaching only 0.48%.

5. CONCLUSIONS

This paper has proposed a formal HOQ technique to
determine the technical target of ECs. The swing method and
Wasserman’s normalization procedure was employed to
obtain better relationship ratings. A mathematical model was
developed to maximize customer satisfaction, subject to
available organizational resources. The proposed procedure
was applied in designing a wooden dining chair and has
improved the customer satisfaction. A sensitivity analysis has
been conducted to obtain the optimal budget to yield customer
satisfaction.

Several contributions to the body of knowledge have been
obtained to offer a new mathematical model. First, this study
contributes to the using of weighted average of the importance
rating to convert the customer requirements to engineering
characteristics. Second, this study contributes to the
engineering characteristics relationship ratio to incorporating
the effect of dependencies. Also, contributions to product
development practitioners by providing mathematical models
and their procedures facilitate practitioners in translating
consumer desires into technical characteristics to achieve
optimal consumer satisfaction within technical specifications
and cost constraints, with detailed numerical example.

However, the proposed technique still used ratings which
were measured on interval (even on ordinal scale) i.e. CRs’
importance ratings and correlation between ECs. For future
research, better weighting methods need to be employed to
s those values.
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