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ABSTRACT
The robust design of a new product is exemplified in this paper as an exercise
that every engineering student could do for a better understanding of the DFSS
("Design For Six Sigma”) process. The design of a new paper binder is presented
through several steps that make the process easy to follow and to understand by the
student. Both classical mathematical pursuit and modern technology are presented

as viable ways of solving the problem.
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1. INTRODUCTION

The robust design of a piece is a way of developing a
product that presents little variation during
functioning no matter the values of the external
factors. The most known and applied method of
robust design — DFSS ("Design for Six Sigma”) —
is used as an example in this paper as well as in other
research articles of the scientific literature [1-27].Two
of the DFSS phases are emphasized here. The first
phase where "the voice of the consumer” analysis is
realized and the optimization phase where the
Taguchi method is used occupy the major part of the
analysis presented here. Both mathematical and
modern technology methods are presented as ways of
analysing the data.The "paper binder” is the product
that is used as an example of robust design analysis.

2. THE ROBUST DESIGN PROCESS

For a better understanding of the DFSS process,
seven steps are defined here as a guide for the student
that learnsthe basics of robust design.
Step 1. CHOOSE THE PRODUCT
As an exercise that the student develops, the
choosing of the product of his exercise is the first step
in the product development project.

Fig. 1.Paper binder

robust design, product development, Taguchi

method,

The computer/hand drawing is the materialization
of this step. Figure 1 presents the drawing of the
product taken as an example in this paper — a "paper
binder”.

Step 2. DEFINE THE CONTROL FACTORS

The control factors of a product are, in this
project, the design factors, those
aspects/characteristics/features that you can improve.
Forthe product taken as an example, Table 1 defines
four control factors:
"Mechanism”,”Color”,” Application”and"Pattern”.” Ste
p 3" defines their levels of variation.

Step 3. DEFINE THE LEVELS OF VARIATION
OF EACH CONTROL FACTOR

The levels of variation of the control factors are
the dimensions/ forms/ characteristics/ variation
domains each control factor takes. For the analyzed
example, each control factor has two values (Table
1):

- the "Mechanism” factor can be: "M;"” — elasticity or

"M," — string;

- the "Color” factor can be: "Cy" — metallic or "M,"
— colored;

- the "Application” factor can be: "Ap,” — no

application or " Ap,” — with application;
- the "Pattern” factor can be: P;” — no pattern or "P,”

— with pattern.

Step 4. DEFINE THE ORTHOGONAL MATRIX
From the scientific literature [1-3], we choose the

matrixLg(2%) — a matrix that is presented inFigure 2
and Table 2 — a matrix that defines the eight
versions of the product that will be taken into
consideration.
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Table 1.Control factors and their variation levels

Factors Mechanism Colour Application Pattern
/Levels
M1 = Cl Apl I:)1
1 |elasticity] metallic no no
application pattern
2 Mz C2 ,A\p2 P2 =
string coloured with . with
‘ ‘ application - pattern
. - | = | »=n O
l:‘ ’j T 808080
O0_0_9J

Number of STEP 5. DRAW THE DESIGN VERSIONS OF
4~ factors THE PRODUCT

L. (2) As a function of the control factors, at this stage

& N lumber of of the project, the team that develops the product

draws its constructive versions. These versions have

been described above and they are presented in Table

O

Number OJE
experiments

. . - 3.
Fig. 2.0rthogonal matrix definition .
g g Table 2.The orthogonal matrix Lg(2*)
At the same time, Table 2 defines the Nr. Factors
characteristics of each version of the product that will experiment 1 2 3 4
be analyzed further. For example, the first version of 1 1 1 1 1
the product, M;CiAp:P. has the following 2 1 1 1 2
characteristics: the "Mechanism” factor has the value 3 1 2 2 1
M—elasticity, the "Colour” factor has the value C; — 4 1 2 2 9
metallic, the " Application” factor has the value Ad; —
T 5 2 1 2 1
no application, the "Pattern” factor has the value P, — 5 2 1 > ]
no pattern.
7 2 2 1 1
8 2 2 1 2
Table 3.Versions of the next product
Design version 1 2 3 4
Drawing J— =
ﬁ | |
Notation M1C1Ap1P1 M1C2AD2P1
Design version 5 7
Drawing
(C-C o G2
jDDQGDQD:
Notation MzClApzpl MzclApng MzCzAplpl MzCzAplpz
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Step 6. ESTABLISH THE QUESTIONNAIRE
Table 4 presents anexample of a questionnaire.
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Each respondent gives a mark from 1(very little) to
9(very much) for each version of the product.

Table 4.Questionnaire version

Design version How do you appreciate this product version ?

1 1 2 3 4 5 6 7 8 9
Very little Very much
2 1 2 3 4 5 6 7 8 9
Very little Very much
3 1 2 3 4 5 6 7 8 9
Very little Very much
4 1 2 3 4 5 6 7 8 9
Very little Very much

5 1 2 3 4 5 6 7 8 9
Very little Very much
6 1 2 3 4 5 6 7 8 9
Very little Very much
7 1 2 3 4 5 6 7 8 9
Very little Very much
8 1 2 3 4 5 6 7 8 9
Very little Very much

STEP 7. THE ANALYSIS OF THE RESULTS theTaguchi method requires optimization by
The analysis of the results can be realized  maximizing the "signal/noise” (S/N) ratio [1]:
numerically (Section A) or using modern technology i
(the "Minitab” software) (Section B). S/N = -10 Iog[l/ nZl/ ylzJ )
i=1

A. NUMERICAL ANALYSIS OF THE RESULTS

The evaluations given by each respondent to the
product versions is noted in Table 5. In this way, we
have a general view of the "voice of the consumer”,
the opinion that the consumer has on the
preferredversion of the future product.

Table 5presents not only the medium scores
obtained by each product version but also the S/N
("signal/noise”) values corresponding to each version.
We notice that the 4th version obtains the biggest
values for both the medium and the S/N ratio value.

Observation:if "y" is the dependent variable and

Further, the interpretation of the results requires
the analysis of the medium and the "signal/noise”
(S/N) ratio for each factor and level as Table 6
suggests. The effect of each factor is given by the
performance difference of the corresponding levels.
Consequently, we can notice that the biggest effect
belongs to the "Mechanism" (M) factor, followed by
the” Application”(Ap), "Color" (C) and "Pattern™ (P)
factor.

"n" is the number of the measurements, then
Table5.Experimental data collection
Design Respondents responses Analysis
versions | R1 | R2 | R3 | R4 | R5 R6 R7 R8 | R9 | R10 | Medium SIN
1 2 4 7 6 2 6 2 6 6 3 4,4 9,766
2 3 7 6 7 6 7 7 7 7 8 6,5 15,160
3 9 8 8 8 8 9 8 8 8 7 8,1 18,111
4 8 9 9 9 9 8 9 9 9 9 8,8 18,860
5 6 6 5 2 5 3 6 5 3 6 4,7 11,528
6 7 3 3 3 7 4 5 2 2 4 4 9,833
7 4 5 4 4 4 5 3 4 4 2 3,9 10,882
8 5 2 2 5 3 2 4 3 5 5 3,6 9,227
Table 6.Numericalinterpretation of the results
Analysis Medium S/IN
Level| M C Ap P M C Ap P M C Ap P
1 (1,234/1256/1,2,78|1,35,7| 695 49 4,6| 5,275 15474 11,572 11,259 12,572
2 |56,78|34,78/3456(2468| 405 6,1 6,4 5,725 10,367 14,270 14,583 13,270
Effect 29 12 1,8 045 51069 2,698 3,323 0,698
Rank 1 3 2 4 1 3 2 4
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Analyzing the evolution of the medium values
and the S/N ratio (Figure4 and Figure 5) as a function
of each factor level: "Mechanism" (a), "Colour" (b),
"Application” (c) and "Pattern” (d), we notice that the
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8 r r
0 1 2 3

4

Version

5 6 7 8

medium values as well as the S/N ratio decreases as

the

"Mechanism"

factor

level

increases and it

increases as the "Color”, "Application" and "Pattern™
factors level increases.

75 6.41 6.51 5.9r
6.2
6.5 5.8
6 6 5.7
g 6 g 2 9
g g g S5.6f
E55 E5.6 E55 IS
> > =} >
5 5 S 5 5.5¢
o} D54 9] o}
S 5 = = =
5.2 5rF 54
4.5 5 5-3$
aM ¥ (b)C C)A| d)P
4() 4.8 () 4.5 () P 5.2()
1 15 2 1 15 2 1 15 2 1 15 2
Level Level Level Level

Fig.4.The evolution of the medium value as a function of the control factors
"Mechanism" (Figure 4a), "Colour" (Figure 4b), "Application" (Figure 4c) and “Pattern” (Figure 4d)

16+ 14.5 15¢ 13.4
14.5¢
15+ 14+ 13.2
14+
14+ 13.5
13.5¢ 13
z z z z
) 13- Py 13 Py 13- B
L 12.8
12+ 12.5¢ 125
12 12.6
11+ 12+ 115!
aM b)C d)P
10( ) 11.5' (b) 11 (©Ap 12.4( )
1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2
Level Level Level Level

Fig.5.The evolution of the S/N ratio as a function of the control factors
"Mechanism" (Figure5a), "Colour" (Figure 5b), "Application" (Figure5c) and “Pattern” (Figure 5d)

and Table 3. We arrive tothe conclusion presented
inTable 5.

Because a maximum value of the S/N ratio is
desired, the development team has to choose the
product version: F1Ad.C, (Figure6), a version that
corresponds to the fourth product from both Table 2
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Define the experimental matrix
Each of the four factors: "Mechanism”, "Colour",
"Application” and "Pattern", has two levels of
variation:”elastic/spring”, "metallic"/"colored",
"without”/"with  application"and  "without”/"with
| . pattern".Follow the instructions succession:
S — - m Stat - DOE — Taguchi — Create Taguchi
~Y YA Design
e Dade i to choose the Taguchi matrix, Ls, for the 4 factors
e and 2 levels of variation version (Figure 8).
Fig.6.The next product version

Taguchi Design (=S |
Figure6presents the design version preferred by
the study respondents. It is the version that will be T{.Zp:melségﬂ S
analyzed by the multidisciplinary team and taken into = 3;:: D::g: i
consideration as the next product version. C aicvelDesgn (210’ factors)
(" 54evel Design (2 to & factors)
B. RESULTS ANALYSIS USING THE MODERN " Mixed Level Design (2 to 26 factors)

TECHNOLOGY
The "Minitab”software will be used here. This
software opens the "Session" window and the
"Worksheet" window as Figure 7 indicates :

Tiamber of Gaciars: = Display Available Designs... |

Designs... ] koS I

il

File Edit Data Calc Stat Graph Editor Tools Window Help Assistant Help Cancel |
B8 smaloxFEtiAgoed]|EBE( |
T Sleiretpel . G @
(&L Session Taguchi Design - Design ﬁ
16.11.2020 15:04:03 Runs 2 ** Columns

Welcome to Minitab, press F1 for help.

L12 27 4

Lig 2% 4

L32 2% 4

— [ Add a signal factor for dynamic characteristics

<

@ Worksheet1 ™* Hel ’Tl c | |
v e 2 | ¢ | cs e | o = ance

(b)
Fig. 8.The orthogonal Taguchi matrix definition

,wN -

Fig. 7."Session™ and "Worksheet" window Further, the design modification, the factors and
the leveldefinition require the following instructions

. the “Session” windowcontains the results  succession:

obtained by running the Minitab software; m Stat » DOE — Modify Design—"Modify
e the “Worksheet” windowcontains the input factors in inner array" —"Specify"

data: factors, experimental results and results which leads to the window presented inFigure 9.
obtained through their mathematical interpretation. In )

the worksheet window, we notice the columns Modiy Factors S
notedC,, C,, etc. Under these names, there is a blank e —— —
line that contains the columnsname given by the P COT =
student. Figurellshows the columnsname for this B |B 12 2
particular ~ example:  "Mechanism”,  “Colour", ol = =

"Application" and "Pattern".This step can be realised
directly (by writingthe name in the cell situated above
the corresponding column) or by following further the = X =
steps established here for the robust design using the k
Taguchi method.

Fig. 9.The modification of the Taguchi design
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¥
Modify Factors =5
Facto| MName Level Values Level
A |Mechanism | elastidty string 2
B | Color metallic colored 2
C | Application | no_application with_application 2
D |Pattern no_pattern with_pattern 2

Fig. 10.The design factors and their levels

FASCICLE V

Here, we will rename the factors A, B, C and D as
Figure 10 indicates. The final form of the experiments
matrix takes the form given inFigure 11.

The definition of the experimental matrix

We define and name nine columns: R1+R10 and,
further, we complete these columns with the
appreciation of the voice of the customer questionaire
(Table 6). Figure 12 shows both these columnsand the
way we define and calculate the medium values of the
guestionnaireresults:  we  define the C15

i Worksheet 1 =

columnnamed "Total" using the "f," function of the

4 1T C2T 3T CAT
Mechanism| Color Application Pattern
1 | elasticity metallic | no_application | no_pattern
2 | elasticity metallic | no_application  with_pattern
3 |elasticity colored  with_application  no_pattern
4 | elasticity colored | with_application with_pattern
5 | spring metallic  with_application  no_pattern
6 | spring metallic | with_application with_pattern
7 | spring colored | no_application | no_pattern
8 |spring colored  no_application | with_pattern

Fig. 11.The experimental matrix

main menu of the Minitab software.

Analyse the product versions

The instructions succession :
m Stat » DOE — Taguchi —» Define Custom
Taguchi Design

leads to Figure 13 where, we choose "Factors"
"Mechanism”, "Colour", "Application" and "Pattern".
Figure 14 presents the window obtained using the
instruction succession :

Stat > DOE — Taguchi —»Analyze Taguchi
Design

? AP0 I 0 CPE & | A ol di @
X TN et Y e
= Assign Formula to C15 (Total) Lii:_?-J]:
Cl Mechanism . CXPression:
C2 Color (R14R2+RI+RA+HR5+RE+HRTHRE+RI+R 10)/10] -
C3 Application
C4 Pattern
Cc5 R1 -
g?' E% e Functions:
8 R4 7] 8| 9] +| =|<>| [alfunctons -
C9 RS
41 5|6 -| =| =| |Absolute value -
Clo Re J J JJ Antilog |
oo B alz]s] =] eel>o] fony .
Arcsine
gii E?D - HJM ﬂ — Arccosine
OF\FIGURI_PFAPERZ\V3 - j or | |Arctangent 2
| selst | O ot | selst |
Help | 0K | Cancel |
C5 C6 cT Cc8 Cc9 C10 i C12 C13 c14 c15 =
R1 R2 R3 R4 RS R6 R7 R8 R9 R10 Total
2 4 7 6 2 6 2 6 6 3 44
3 7 6 [ 6 7 [ T 7 g 6.5
9 8 8 8 8 9 8 8 8 T 8.1
8 9 9 9 9 8 9 9 9 9 8.8
6 G 5 2 5 3 6 5 3 G 4.7
[ 3 3 3 T 4 5 2 2 4 4.0
4 5 4 4 4 5 3 4 4 2 39
5 2 2 5 3 2 4 3 5 5 36
Fig. 12.The definition of the analysis results in the worksheet
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Define Custem Taguchi Design ﬁ

C1 Mechanism - Factors:

C2 Color =5 - —
C3  Application Mechanizm Color Application Pattern| &

C4 Pattern

m

C11 R7 Signal Factor
c13 Ra L % No signal factor

A1E Tt - {” Spedfy by column: I

Help | QK I Cancel |

Fig. 13.The definition of the Taguchi model )
Analyze Taguchi Design ﬁ

C5 R1 Response data are in:
Caé R2
7 RS Totall
C3 R4

C9 RS

Cl0 R

C11 R7

C12 R83

C13 R9

Cl4 R10

C15 Total

Graphs... | Analysis. .. Terms... |

Select | Ainalysis Graphs...l Options... | Sl |
Help | ITI Cancel |

, @)
Analyze Taguchi Design - Graphs ﬁ

k

Generate plats of main effects and interactions in the model for

C1 Mechanism

C2 Color ¥ signal to MNoise ratios
C3  Application v
C4 Pattern ¥ Means

[~ standard deviations

Interaction plots
¥ Digplay interaction plot matrix
Use all factors that interact as rows and columns of the matrix or

Spedfy factors for rows: I

Seleck | Spedify factors for columns: I

™ Digplay each interaction on a separate graph
Fig. 14.Model analysis (a).Activation of "Graphs" command (b)
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The model analysis requires not only "Response
data in the "Total" column, but also the commands:
e  "Graphs" (Figure 14). Here, we are choosing
the plots: "Signal to Noise ratios" and "Means";
e  "Analysis" (Figure 15). Here, we are choosing
as results: "Signal to Noise ratios" and "Means";
e  "Options"(Figure 16), where we choose "Larger
is better" because we want to design a product that
has a higher value of S/N ratio.
e  "Terms" (Figure 17), where we determine the
analysis factors.
e  "Storage"(Figure 18); we choose to retain the
values: "Signal to Noise ratios" and "Means".

Analyze Taguchi Design - Analysis

X e

FASCICLE V

Sx2)

Analyze Taguchi Design - Terms

Display response tables for Fit linear model for

[+ Signal to Moise ratios
¥ Means
| Standard deviations | Standard deviations

e x|

[ Signal to Moise ratios
[ Means

Cancel |

Available Terms: Selected Terms:
A
AC B:Color

AD ﬁ CiApplication

BC = DiPattern

ED J

CD <

£

Factors:

A:Mechanism

B:Color

C:Application

D:Pattern

Help 0K | Cancel

Fig. 15."Analysis" command activation

Fig. 17."Terms"command activation
Analyze Taguchi Design - Storage

Analyze Taguchi Design - Options I& Store the following items:
[+ signal to Moise ratios
Signal to Noise Ratio: Formula ¥ Means
(¥ Larger is better -10*Log 10{sum{1/Y==2)/n) I Siﬁnda_rd deviat’orfs .
" Mominal is best -10%.0g10{s**2) F Coeiﬁaen: o; :arl?xhpn
" Mominal is best 10*.0g10(Ybar**2/s==2) ImafeETe T e
" smaller iz better -10*Log10{sum{Y**2)/n) Fits and residuals Mode! information Other diagnostics
r I u B
™ use In(s) for all standard deviation output :: r ::
Help 0K | Cancel | -
| Help oK | Cancel
Fig. 16."Options" command activation

Fig. 18."Storage" command activation

Response Table for Signal-to-Noise Ratios
Larger is better

Level Mechanism Color Application Pattern

1 16,55 15,00 13,02 14,08
2 12,11 13,65 15,64 14,58
Delta 4,44 1,35 2,62 050
Rank 1 3 2 4

Response Table for Means
Level Mechanism Color Application Pattern

1 6,950 6,100 4600 5,275
2 4,050 4,900 6,400 5,725
Delta 2,900 1,200 1,800 0,450
Rank 1 3 2 4

Taguchi Analysis: Total versus Mechanism; Color; Application; Pattern

Fig. 19.The results of the analysis
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Main Effects Plot for Means

Data Means
Mechanism Color
7 -
6 i \
(7, 5 1 \
z 4 1 T T T T
‘s elasticity spring colored metallic
c Application Pattern
S - |
(]
=
6 ] /
/-.
p——
5 /
4 1 T T T T
no_application with_application no_pattern with_pattern
(@)
Main Effects Plot for SN ratios
Data Means
Mechanism Color
16 -
15 T ‘\
2 14 - \
'-E 13 1
£ 5
z 12 1 T T T T
2 elasticity spring colored metallic
g Application Pattern
2 16
=
15 4 /
/0
14 / —
13 -
12 a T T T T
no_application with_application no_pattern with_pattern
Signal-to-noise: Larger is better

(b)
Fig. 20.The analysis of the medium (a) and S/N (b) values

Figure 19, obtained automatically, presents the  for both the medium values and the S/N ratio: the

medium and the S/N ratio for each factor and each ~ "Mechanism” factor has the greatest importance, the
level. We regain the results of the numerical analysis  second place is occupied by the ”Application” factor,
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on the third place we find the "Color” factor followed
by the "Pattern” factor.

The plots of Figure 20 present the medium values
(Figure 20 a) and the S/N values (Figure 20 b) of each
control factor as a function of their variation levels.
We notice the agreementbetween Figure 20, Figure 4
and Figure 5: the greatest appreciation (and S/N
values) is obtained by the colouredpaper binder that
has the elasticity mechanism, application and pattern.

ANOVA analysis of the experimental data
The instruction succession:
Stat > ANOVA — One-Way
allows us the ANOV A analysis set-up (Figure 21).

Fig. 21.The ANOVA analysis

One-Way Analysis of Vanance L_JQE—
C1 Mechanism . FResponse: | Total
C2  Color
C3 Application , li
C4 Pattern Factar:
5 Ri 1
Cé& R2 = )
c7 R3 [ Store residuals
CE R4 [ Store fits
C3 RS
C10 R&
ci1 R7 Confidence level: g5,
Ci12 RS
C13 RS e
‘ Comparisons. .. ‘ Graphs... |
Help oK | Cancel |
L.
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One-way ANOVA: Total versus Mechanism

Source DF SS MS F P
Mechanism 1 16,82 16,82 8,34 0,028
Error 6 12,10 2,02

Total 7 28,92

S=1420 R-Sq=5816% R-Sq(adj)=51,19%

One-way ANOVA: Total versus Color
Source DF SS MS F P

Color 1 2,88 2,88 0,66 0,446

Error 6 26,04 4,34

Total 7 28,92

S$=2,083 R-Sq=9,96% R-Sq(adj)=0,00%

One-way ANOVA: Total versus Application

Source DF SS MS F P
Application 1 6,48 6,48 1,73 0,236
Error 6 22,44 3,74

Total 7 28,92

S = 1,934 R-Sq = 22,41%
R-Sq(adj) = 9,47%

One-way ANOVA: Total versus Pattern
Source DF SS MS F P

Pattern 1 0,41 0,41 0,09 0,780

Error 6 28,52 4,75

Total 7 28,92

§$=2,180 R-Sq=1,40% R-Sq(adj)=0,00%

24
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Normal Probability Plot
(response is Total)

Percent

Residual

(@)

Versus Fits
(response is Total)

Residual
L]
.

40 45 50 55 6,0 65 7,0
Fitted Value

(b)

Versus Order
(response is Total)

Residual

T T T T T T T T

1 2 3 4 5 6 7 8
Observation Order

(©
Fig. 23.The graphs of the ANOVA analysis for the
"Mechanism" factor: (a) "Normal plots of residuals”,
(b) "Residuals versus fits", (c) "Residuals versus
order"

Setting each control factor, successively, in the
window presented by Figure 21, the results presented
by Figure 22 are obtained. We notice here the high
value of the "F" factor for the "Mechanism” factor
(8.34), followed by 1.73 for the "Application” factor
and 0.66 for the "Color” factor. These results show
the statistical importance of these factors and
theircorrelation with the previous results of this
paper.

Figure 23presents (as an example) the graphs of
the ANOVA analysis for the "Mechanism”
factor:"Normal  plots of  residuals", Figure
23(a);"Residuals wversus fits", Figure 23(b) and
"Residuals versus order", Figure 23(c). It shows the
normality, independence and random distribution of
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the residual values and the validity of the ANOVA
analysis.

3. CONCLUSION

This paper brings a clear view of the steps a student
should take on the project of designing a new product
having as a point of start the voice of the customer.
Classical numerical methods as well as modern
techniques are emphasized as tools in the journey of a
student toward a better understanding and mastering
of the subject.
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