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Abstract

Continual introduction of new materials and improvements in existing materials increase the variety of materials that can
be used for pressure vessel components. Among wide variety of materials, the most suitable one must be selected for a
component by matching its functional requirements with various available materials’ specifications. This study proposes an
interactive knowledge-based decision support system for selecting the most suitable material for a given pressure vessel com-
ponent and its working environment. The developed decision support system, namely Pressure Vessel SELection (PVSEL),
consists of two separate phases. In the first elimination phase of PVSEL, the user obtains a feasible set of alternative materi-
als by answering various questions and providing lower-limit values at materials’ critical specifications. PVSEL, then, uses
a ranking phase which uses ELECTRE, TOPSIS and VIKOR methods to rank the feasible materials. In the second phase,
each alternative material’s ranking is determined by combining its performance values at weighted critical specifications
(selection criteria), which are considered as important in meeting the functional requirements of the component. Usage of
PVSEL is illustrated in the paper and the results show that the proposed PVSEL is an effective selection tool and provides
meaningful results for the designers.

Keywords Pressure vessel components - Material selection - Decision support systems - Multi criteria decision making -
TOPSIS - VIKOR - ELECTRE

1 Introduction

When a designer needs to make a material selection for a
pressure vessel component, the decision has to consider
hundreds of different material types which are specified at
many specifications such as: strength, operating tempera-
ture range, operating pressure range, corrosion resistance,
elastic module, hardness, weld ability, etc. [1]. In the litera-
ture, there are various studies that proposed models to solve
material selection problems. For example, Karande and
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Chakraborty [2] proposed MOORA (The Multi-Objective
Optimization on the basis of Ratio Analysis) method and
Chatterjee et al. [3] combined COPRAS (COmplex PRo-
portional Assessment) and EVAMIX (Evaluation of Mixed
Data) methods for cryogenic tank material selection prob-
lem. Jahan et al. [4] developed a pin selection model using
VIKOR (VIsekriterijumska optimizacija i KOmpromisno
Resenje— in Serbian) method. Sapuan et al. [5] presented
a composite material selection methodology using AHP
(Analytic Hierarchy Process). In another work, Mayyas et al.
[6] used AHP for material selection for automobile body
panels. Shanian and Savagado [7] used TOPSIS (Technique
for Order Preference by Similarity to Ideal Solution) and
VIKOR methods in selection of high strength materials for
nuclear power plant reactors. Chatterjee ve Chakraborty
[8] provided a combined model of PROMETHEE (Prefer-
ence Ranking Organisation Method for Enrichment Evalua-
tions), EXPROM2 (Ex-tended PROMETHEE II), COPRAS,
ORESTE (Organization, Rangement Et Synthese De Donnes
Relationnelles) and OCRA (Operational Competitiveness
Rating Analysis) methods for gear material selection. Maitya
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When the user selects ‘SELECTION’ button, pre-
specified values, which are recommended for routine

usage of the selected component appear on the screen.
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user input. The user may enter his/her specific values by
| Model Qualification | selecting ‘USER DEFINED SELECTION’ button (Figure
3).
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When the user pushes ‘RESULTS’ button, PVSEL
performs the elimination phase, ranks the feasible ones
using ELECTRE, TOPSIS and VIKOR methods and
provide the results on the output screen as shown in
Figure 4.
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On the PVSEL output screen, if the user pushes

‘SPEARMAN CORRELATION’ button, PVSEL compares

Instruments for real-virtual
Interaction

ranking results of the ELECTRE, TOPSIS and VIKOR

methods using Spearman’s rank correlation test and
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provides the comparison results on a new screen.
Furthermore, the user can see the ranked materials’
values by pushing ‘MATERIAL SPECIFICATIONS’

button (Figure 9) for final selection decision.

Main Interactive Design

and Manufacturing Process [33]

and Chakraborty [9] presented an abrasive material selec-
tion model using Fuzzy TOPSIS. Mansor et al. [10] used
AHP for natural fiber composite material selection of an
automobile breakage system. Bahraminasab and Jahan [11]
presented VIKOR-based methodology for dental restora-
tion material selection. Liu et al. [12] proposed an interval
2-tuple linguistic VIKOR (ITL-VIKOR) method for solv-
ing the material selection problem under uncertain and
incomplete information environment. Chan and Tong [13]
presented a grey relational analysis (GRA)-based model for
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Knowledge Based Pressure Vessel’s
Component Selection Interactive Model

the multi-criteria optimization of material selection problem
based on the considerations of material characteristics and
the end-of-life product strategies. Serafini et al. [14] and
Balci et al. [15] proposed a simple computer aided material
selection procedures for structurally optimized products.

In the literature, interactive design principles are also
used in development of selection models. For example, Ken-
nan and Vinay [19] proposed an interactive multi-criteria
decision making model for selection of CAD/CAM systems.
Dey et al. [20] employed an interactive multi-objective
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Fig.2 Component type selection screen of PVSEL

particle swarm optimization based on the data collected
from an experimental study. Four process parameters,
namely extrusion temperature, density, layer thickness, and
build orientation were optimized to achieve lower build time
and higher compressive strength. Cheaitou and Khan [21]
proposed multiple sourcing models for evaluating and rank-
ing potential suppliers using an interactive MCDM meth-
odology for manufacturing companies. Barajas and Agard
[22] proposed an interactive model based on measurement
of the relative indifference between characteristics using
the Fuzzy Indifference Degree (FID) approach to select the
most suitable product that is the closest to customer pref-
erences. In another study, Mengoni et al. [23] proposed a
knowledge-based workflow to dynamically manage human
interactions in extended enterprises for research and devel-
opment projects.

[C] There is a fluid transportation.
There is a flow diversion.

This study also presents an interactive decision model for
pressure vessel component selection problem (Fig. 1). In the
model, MCDM approaches and rules are used together in the
decision structure to represent the complex behavior of the
selection decision making process. The authors’ literature
survey showed that the best way to form material selection
decision structure in multi-phase is to separate the selec-
tion divide the decision making structure into two separate
phases. In a typical application of such a two-phase selection
model, unsuitable materials are eliminated in the first phase
leaving a feasible set of materials; and the feasible materials
are then ranked in the second phase [15]. The material selec-
tion system developed in this paper, namely Pressure Vessel
SELection (PVSEL), uses a similar two-phase approach in
an interactive and flexible way to fulfill different needs of
the users.
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Fig.3 User-selection screen of PVSEL

In the typical application of PVSEL, PVSEL scans the
material database based on the requirements entered by the
user and outputs a feasible set of materials in its first phase.
PVSEL, then, ranks the feasible materials using ELECTRE,
TOPSIS, and VIKOR methods in its second phase. The
detailed explanations and application steps of ELECTRE,
TOPSIS and VIKOR methods are presented in “Appendix
A” [16-18]. Usage of PVSEL is provided through various
examples in the following sections.

2 Description of PVSEL
In the operation of PVSEL, the window (Fig. 2), in which

the component’s type and shape complexity selections are
made, comes to the screen. After entering the selections
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in the window, the user can continue directly by pushing
‘SELECTION’ or ‘USER DEFINED SELECTION’ buttons.
When the user selects ‘SELECTION’ button, pre-specified
values, which are recommended for regular usage of the
selected component, are directly used without any user
input. On the other hand, by selecting ‘USER DEFINED
SELECTION’ button the pre-specified values are displayed
in a new screen (Fig. 3). The user can alter the pre-specified
values for the component on the screen, the selection criteria
and their weights ranging from 1 to 10 also appear. The user
can also change weights of the selection criteria. Once all
necessary changes are made by the user, ‘RESULTS’ button
is pushed. PVSEL performs the elimination phase, ranks the
feasible ones using ELECTRE, TOPSIS and VIKOR meth-
ods and provide the results on the output screen as shown in
Fig. 4. In the output screen, the feasible materials are listed
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Fig.4 An example of output screen of the PVSEL

according to their ranking scores. Each method provides dif-
ferent ranking results. For each method, the highest ranked
feasible material is listed in the first row and its ranking
value is considered as ‘1°. The other feasible materials’ rank-
ing scores are simply their row numbers. To obtain a single
material recommendation, the rankings of feasible materials
obtained with different methods can be summed to obtain
a single overall ranking value. The material which has the
lowest overall ranking sum is recommended by PVSEL.
The reason for using different ranking methods is their
versatility. For example, ELECTRE method is based on
multi-attribute utility theory [16]. ELECTRE methodology

is described as “...it is a procedure that sequentially reduces
the number of alternatives the decision maker is faced within
a set of non-dominated alternatives. The objective of this
outranking method is to find all the alternatives that domi-
nate other alternatives while they themselves cannot be
dominated by any other alternative. The ELECTRE method
is used to develop a partial ranking and choose a set of the
promising alternatives...”. On the other hand, TOPSIS
method is based on ranking functions of the distances from
negative-ideal (worst) solution and ideal solution for alterna-
tive solutions and makes its ranking based on the ‘closeness
to the ideal solution’ and ‘farthest from the negative-ideal
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solution’ [24]. Compromise ranking for the VIKOR method
determines ““...a compromise solution, providing a maxi-
mum ‘group utility’ for the ‘majority’ and a minimum of an
individual regret for the ‘opponent’. VIKOR method uses
linear normalization and TOPSIS method uses vector nor-
malization to eliminate the units of criterion functions.

It can be summarized that ranking methods differ in their
application procedure in terms of the type of data normali-
zation and the way of combining the data and the attribute
weights into the methodology such that they yield different
ranking results [24-26].

On the PVSEL output screen, if ‘SPEARMAN CORRE-
LATION?’ button is pushed, PVSEL compares the ranking
results of the ELECTRE, TOPSIS and VIKOR methods
using Spearman’s rank correlation test and provides the
comparison results on a new screen. Furthermore, the user
can see the ranked materials’ values by pushing ‘MATE-
RIAL SPECIFICATIONS’ button.

3 Testing PVSEL and lllustration of Critical
Issues in its Usage

Among many case studies developed to verify PVSEL in the
selection of pressure vessel components, thermal transfer
(heat exchanger) plate material (Fig. 5) selection problem
is provided below to illustrate the application of PVSEL. In
this example, the designer provides the following require-
ments for the material based on its working environment:

1. Working pressure requirement is 70 psi.
Working temperature range is between — 195 °C and
+360 °C.

3. Resistance to organic solvent and water corrosion should
be high.

4. Welding will be used in the construction of the compo-
nent.

5. [Itis desirable to use light weight material for easy han-
dling of the component.

6. The material should have high formability.

@ Springer
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Fig.8 Output screen of the MADM module for the illustrative example

Based on the requirements provided by the designer, the
user enters necessary input data as shown in Figs. 6 and 7.

The output screen, which provides rankings of the feasi-
ble materials, is presented in Fig. 8.

The ranking results of the ELECTRE, TOPSIS and
VIKOR methods can also be compared statistically by
PVSEL using Spearman’s rank correlation test. The outputs
of the steps of the methods are provided in “Appendix B”.

The comparison of the ranking results is presented in
Fig. 9. The outcome of the spearman rank correlation test,
the correlation coefficient values of the differences in the
rankings (R) [27] are provided in the first matrix of Fig. 9.
Since all R, values are higher than 0.6, it can be stated that
the ranking provided by ELECTRE, TOPSIS and VIKOR
methods are statistically similar to each other [27-32].

Although the spearman rank correlation test shows that
the ranking results given in Fig. 8 are statistically similar,
there are differences in the ranking results obtained with the
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three methods. For example, there is no obvious selection
for the most appropriate material. The ranking results in
Fig. 9 show that S34700 and S30400 materials are deter-
mined as the most appropriate alternative material three
times each. The ranking results may be combined to obtain
a single ranking list by adding the rankings obtained with
the applications of the three methods. The alternative with
the lowest ranking sum can be recommended as the most
appropriate material for the component. S30400 material
whose ranking sum is the lowest with 9 is recommended as
the most appropriate material for the pressure vessel com-
ponent selection problem.

Two other examples for nitrogen tube and membrane tank
material selection problems are also provided in “Appendix
C” for illustrative purposes. The ranking results show that
S31600 is the most appropriate material in both examples.
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Fig.9 Spearman’s rank correlation test output screen for the illustrative

4 Conclusion

A knowledge based interactive decision support system
(PVSEL) is developed in this paper to select the most appro-
priate material for a described pressure vessel component.
The developed PVSEL uses different ranking approaches
namely ELECTRE, VIKOR and TOPSIS along with an
elimination phase. Application of PVSEL brings uniform
structure and to the complex pressure vessel component
material selection problem. In addition, PVSEL can eas-
ily be modified by adding new components, material types,
requirements, criteria and eliminating or modifying existing
ones.

The study provided in this paper has various limitations
that may require further research. For example, using fuzzy
logic techniques, such as hesitant or intuitionistic fuzzy
approaches recommended for modeling of uncertainties
and linguistic preferences, in the TOPSIS, VIKOR, and

example

ELECTRE applications may provide more realistic ranking
results.
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Appendix A

(a) TOPSIS method [26, 30, 31]

Step 1 Development of the decision matrix (y;;
i=1,2,...,number of alternatives (m), j=1,2,...,number of
criteria (n) are placed in matrix form as shown in Eq. (1)).

@ Springer
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Yir Yiz ot Vi
D= Y21 Yoo = Yon (1)
yml ym2 ot ymn

Step 2 The normalized decision matrix is constructed
using Eq. (2).

<2 @

Step 3 The weighted normalized decision matrix is
obtained:

V=[x, i=12..m j=12_.n 3)
Xy =¥ @)
W= [wwy, ..o, 5)

Step 4 Determine the ideal and negative-ideal solutions:

A" = (X].X5,X5) ©®
= {(owe npes)imtn)
A” = (X7 X5.X5) ®)
X7 ={(min Xyes)i=1.m) ©

Step 5 The distance of an alternative i to the ideal solution
(S7), and from the negative ideal solution (S;) are calculated
using Eqs. (10) and (11).

an
Step 6 The ranking score (C;) is calculated using Eq. (12).

Cr=S7/(S7+8), i=12..mj=12.1 (12

@ Springer

(b) VIKOR Method [24, 26]

VIKOR method focuses on proposing a compromise
solution. The compromise ranking is developed from the
Lp-metric used in the compromise programming method.

n 1/p
Ly=Ly;= { 2 (W[ 0max = 4/ [6max = O)min )p}

J=1

1<p<Loo; i=1,2,....m

13)
where n is the number of criteria and m is the number of
alternatives. The Vi values (fori=1,2,....m; j=1,2,...,n)
denote the values of criteria for different alternatives. In the
VIKOR method, L; ; and L, ; are used to formulate the rank-
ing measures.

The VIKOR values (P;) are computed in the following
steps:

Step 1 Development of the decision matrix, determine the
best, (Yi))max and the worst, (y;;)y;, values for all the criteria.

Step 2 Calculate E; and F; values

n

Ei=L;= Z w; [(}’ij)max - yij] / [(Yij)max - (Yij)min]

J=1
(14)
Fi=L,;= m}élx Uf{Wj [()’ij)max - )’ij]/[()’ij)max - (Yij)min]}

i=1,2....n
(15)

where w; is the weight for the j™ response, assigned by the
decision maker, and

n

W= =1 (6)

J=1

Equation (14) is only applicable to benefit criteria. In
the classical application of VIKOR method for cost crite-
ria, the term [(y;)max — ;] in Eq. (14), is to be replaced by
[y — (¥i)minl- For cost criteria, Eq. (14) can be rewritten as;

Ei=L;= Z wi|03) = O)minl /[0 max = O3)min]
i=1
a7
Step 3 Calculate P; values as follows
P; =VvI(E) — (E)minl/[EDmax — (EDmin]

+ (1 =IF) = Fminl/[(F)max = FDminl (19
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where (E)) .« and (E;),;, are the maximum and minimum
values of E;, respectively, and (F)), ., and (F}),;, are the max-
imum and minimum values of F;, respectively. The value of
v changes from O to 1. The compromise can be selected with
‘voting by majority’ (v>0.5), with ‘consensus’ (v~0.5) or
with ‘veto’ (v<0.5).

Step 4 Rank the alternatives in ascending order, according
to the P, values. The best alternative is the one having the
minimum P; value.

(c) ELECTRE (The ELimination and Et Choice Translat-
ing REality) Method) [32]

Step 1 Development of the decision matrix (y,-j; i=1,2,...,
number of alternatives (m), j=1, 2, ..., number of criteria
(n) are placed in matrix form as shown in Eq. (1)).

Step 2 The weighted normalized decision (WNDM)
matrix is obtained as follows:

Wiyir Wiz ot Wil
WiYa1 WaYop =t WpYa, "
V= w=Yw=1 (19
J=1
_leml WoVmo *** Wnymn_

Step 3 Evaluate randomly different row k and row [ in the
WNDM V to make sure of the concordance and discordance
set. If value v of row k is higher than value v of row /, the
element j can be clustered as the concordance set Cy;, or the
discordance set Dy;. The concordance set C,,, or the discord-
ance set Dy is shown as Eqgs. (20) and (21).

Cy= {j, Vi 2 Vlj} (20)

Dy = {j’ Vi < Vlj} 21)

Step 4 The sum of each element’s weight forms a con-
cordance matrix C, as shown in (22).

Cip €13 " Cipy
zw Ca1 = Gz Copy
_ JE€CY dC= . .
cy=——"and C= (22)
2 w;
kel
_le Cm2 Cp3 =" — h

Step 5 We use a formula to get the discordance matrix as
shown in (23).

maxlvkj - vlj’
J€DyY

dy = (23)
max‘vk_{ - Vlj'

]

Therefore, a discordance matrix can be presented as
D= Iid‘k]]mxm'

d12 d13 dlm
dyy = dy v dy,

D=| " ' (24)
_dml dmZ dm3 T

Step 6 To indicate the large element value of the alterna-
tive solution, when the expected value is larger, we combine
each element C,; of the concordance set with the discordance
matrix to get the modified global matrix A as shown in (25).

A = [ay Iy A = €0y (25)
Step 7 Determination of the modified superiority matrix:
A =max{aylk=1,2,...,m},

[=1,2,...,m (26)

To obtain an appropriate solution, we have to rank a,
from smallest to largest: al, a2,..., a,,. The threshold a is set
behind the smallest value a|. If the value a,; is smaller than
threshold a, it is replaced as O, or 1:

, ]
T e, =lay=a
E=[ey]. { o = 0.qy < 27)

Step 8 We obtain e{d = 1 from the matrix E. It indicates
that solution £ is better than solution /.

@ Springer



International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

334

9¢¢C 1234 £990°0 €l OLT 139 061 8861°0 COL'IT €091€S [43
8¢C 918 £990°0 €l 061 811 681 8861°0 123! 0091¢€S Ie
8¢C 918 £990°0 €l 061 811 681 8861°0 [€Cy1 0091¢€S 0¢
9¢ 6v9 96¢0°0 Sl 0lc 143 00¢ 861C°0 £v9$'8 €0v0ES 6¢
9¢ 6v9 96¢0°0 Sl 0lc 143 00C 861C°0 19611 €0v0ES 8¢
6CC 918 §290°0 4! 0LT 08 06l 90€T°0 G88°¢l 00+0€S LT
6CC 918 §290°0 4! 0LT 08 061 90€T°0 §SToI1 00+0€S 9¢
0lc 66¢ §290°0 Sl 0LT 09 681 6150 LOE0T 0020¢€S 4
0Ic 66¢ §290°0 Sl OLT 09 681 6150 9S6°¢l 0020¢€S ¥
0Cl [LE 98L1°0 IC orl 0cl S6 9¢0°0 696L°9 0L09Y 4
08¢ LLY I'0 S'6 091 0cl 00T 9200 988Vl 9LC0IN [44
08¢ LLY ['0 S6 091 0cCl 00T 9200 y11°0c 9LC0IN IC
00T 918 [vL0°0 I 091 0cl 061 6650°0 S6Evl 00880N 0¢
00T 918 IvL0°0 I 091 0cCl 061 6650°0 8S°LI 00880N 6l
9¢¢C 668 69L0°0 Cl 0¢l 9Cl o6l ¥9C1°0 60L91 0€E80N 81
9¢¢C 668 69L0°0 Cl 0¢l 9¢l o6l ¥921°0 8¢€CI 0€E80N Ll
69¢ LTy 6690°0 LTl OLT 6¢l 6l wilo CI88I 0Z080N 91
69¢C LTy 6690°0 LTl OLIT 6¢l (4! wilo €Sl 0Z080N Sl
0s¢C 1434 6060°0 €l SLT 0cl Sel LEOO 7SS6l 06990N 4!
0s¢C 1454 60600 €l SLT 0Cl Sel LEOO SILSI 06990N €l
Syl 6v9 18L0°0 66 Syl 0Cl S0¢ L1200 L99°9¢ SZ990N 4!
Syl 6¥9 18L0°0 66 94! 0Cl S0¢ L1200 Sov'vC SC990N I
0cc 6%9 9080°0 Lyl Sel 0Cl L0T Sre00 L8Y'91 00990N (]
0cc 6%9 9080°0 Lyl Sel 0Cl L0T S¥e0°0 LLY8I 00990N 6
08¢ LTy £501°0 6 OLI 0cI L0T 1L20°0 S6¢’1C SSYOON 8
08¢ Ley €501°0 6 (VA 0cI L0T 1L20°0 6LCT91 SSYOON L
0ce 09L 66800 866 961 0cI S0¢ 8200 LY0'IT 6S090N 9
0ce 09L 66800 866 961 0cI S0¢ 8200 Ll 6S090N S
08¢ LL9 90800 €6 9L1 0CI 90T L200 YSr ol CCO90N ¥
08¢ LL9 9080°0 £6 9L1 0cI 90T L200 LS80T CCO90N €
0¢¢ [4:14 92800 0¢ 00¢ 0cI OLIT L6€0°0 Y1691 00v¥ON C
0¢¢ (414 92800 0¢ 00¢ 0TI OLT L6€0°0 (A4 0017ON I
(edIN) (Do) OTw/m)
y1Suans ammeroduway, (Do/urensn)  AJTANONPUOD (AH) (edIN) SSou (edD)
angneq uonesrddy uorsuedxa [ewrIay, [ewIay [, ssoupre -y3noj armoer] ompow 3unox  (3/ASN) 150D (edIN) P3uans SOATIRUIA) Y

XLIJRJA] UOISIO(] (B)

g xipuaddy

pringer

Qs



335

International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

G81°0 €91°0 Lel'o cIro Iv1°0 ¥81°0 $91°0 8200 €020 Ic
o 961°0 910 1ero Iv1°0 ¥81°0 9¢1°0 900 Sv1°0 0c
(480 961°0 910 1€1°0 Iv1°0 ¥81°0 9¢1°0 900 LLT'O 61
691°0 91CT0 IS1°0 evio SIT0 €610 LST0 9¢1°0 691°0 81
691°0 91T0 IS1°0 evio SIT0 €610 LST0 9¢1°0 ¢ero Ll
8LI°0 €01°0 LET'O ¥1°0 Sro €Ico LST0 €cro 610 91
8LI°0 €01°0 LET'O 1°0 S1o €1co LST'O €cro S1°0 SI
S91°0 601°0 6L1°0 SS1°0 ¥S1°0 ¥81°0 91°0 ¥0°0 L61°0 14!
So1°0 601°0 6L1°0 SS1°0 ¥S1°0 ¥81°0 91°0 00 6S1°0 el
960°0 9¢1°0 123%Y 8I1°0 8¢I'0 ¥81°0 891°0 €200 69C°0 cl
960°0 9¢1°0 S1°0 811°0 8CI'0 ¥81°0 891°0 €200 90 I
Sv1'0 9S1°0 6S1°0 9LT°0 611°0 ¥81°0 LT°0 LEO0 991°0 o1
Sv1'0 9¢1°0 6S1°0 9LT°0 611°0 ¥81°0 LT°0 LEO0 161°0 6
S81°0 €01°0 L0T°0 LOT°0 S1'o ¥81°0 LT°0 6200 910 8
¢81°0 €01°0 L0T°0 LOT°0 S1'o ¥81°0 LT°0 6200 ¥91°0 L
Sv1°0 810 891°0 611°0 eL1’0 ¥81°0 891°0 €00 clco 9
Sv1°0 810 891°0 611°0 eL1’0 ¥81°0 891°0 €00 9LT'0 S
S81°0 €91°0 6S1°0 I11ro Ss1'0 ¥81°0 691°0 6200 991°0 4
S81°0 €910 6S1°0 I11o Ss1'0 ¥81°0 691°0 6200 110 €
(4980 9110 910 6€C0 §9T'0 81°0 6€1°0 €v0'0 ILT°0 C
(480 9110 910 6£C0 §9T'0 81°0 6€1°0 €v0'0 LIT°O I
(edIN) W3uoms (D,) emmerad (Do/urensi) 1w/ ) A (edIN) ssou (edD)
ondne] -wo)uoneorddy  uorsuedxe [ewiIoy],  -ANONpPUOd [ewIdY], (AH) SSOUPIBH  -Uy3no) aImjoel] o[npowt Junox By/asn) 10D (edIN) Y3uang
XLIJeW UOISTOdP PAzI[ewIoN (q)
8¢CC 918 §290°0 Sl S81 139 681 LYTT 0 L80°CI 00LVES (U%
8¢CC 918 §290°0 SI 33 (39 681 LYTT0 8SLYI 00LVES 6¢
€CC 918 §290°0 4! OLT 139 681 66CC°0 68¢° 11 001ceS 8¢
65T 1234 £990°0 el 091 99 961 €eLT’0 €87°01 €0LTES LE
65T 1234 £990°0 €l 091 99 961 €eLT’0 U7 €0LTES 9¢
94 918 £990°0 €l 061 ¥9 681 9LLT'O 123! 00LTES ge
94 918 £990°0 el 061 ¥9 681 9LLT'O €Tyl 00LTES ve
9¢¢C 1234 £990°0 €l 0LT €S 061 8861°0 ITrL'8 €091€S €e
(dIN) o) Orwm)
yiSuans armerodwa], (Do/urensn)  A3IANONPUOD (AH) (edIN) Ssou (edD)
on3neq uoneorddy uorsuedxa [euLIoy [, [Py ], ssoupieH -ySnojoimoel] ompow Sunox  (3y/QSN) 150D (edIN) PSuans SOATIRUIANY

pringer

a's



International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

336

2600°0 ¥20°0 8I10°0 §0200 6¥00°0 Iv10°0 6C10°0 9¢00°0 6L£0°0 It
100 ¥20°0 (44100 $0€0°0 9%00°0 17100 €100 LS00°0 96200 ol
100 ¥20°0 (44100 $0€0°0 9¥00°0 17100 €100 LS00°0 £6¢0°0 6
8L100 8S10°0 6S10°0 9810°0 8600°0 17100 €100 S¥00°0 (43300 8
8L10°0 8S10°0 6S10°0 9810°0 8600°0 17100 €100 S¥00°0 £520°0 L
100 18200 6¢10°0 90200 L900°0 1710°0 62100 9%00°0 LTE00 9
100 18200 6¢10°0 90200 L900°0 1710°0 62100 9%00°0 1,200 S
8L10°0 §20'0 (44100 6100 9000 1710°0 €100 S¥00°0 §S200 ¥
8L10°0 §20'0 (44100 6100 9000 1710°0 €100 S¥00°0 ¥2e0°0 €
9¥10°0 8L10°0 SCI00 €Iv0°0 0100 1710°0 LOTO0 9900°0 £€9¢0°0 [4
9%10°0 8L10°0 SCI00 €1v0°0 0100 1710°0 LOTO0 9900°0 6L10°0 I
(edIN) Qo) 2m (Do urenst) Oruy/m) (AR (edIN) (edD) (31
y3uans ondney  -erodwe) uonesrddy uorsuedxo [ewIay ], ANANONPUOD [BULIAY], SSQUpIBH  SSQUYTINO) AINOBI] o[npowr unox /ASN) 150D  (edIN) P3uang
XII)BW UOISIOOP PIzZI[euriou pajysrop (9)
IS1°0 961°0 €Cro 6L1°0 €91°0 180°0 SS1°'0 w0 (4440 oy
IST°0 961°0 €cro 6L1°0 €91°0 180°0 SS1°o weo 611°0 6¢
Ly1'o 961°0 (AAN0) L91°0 Sro 180°0 SS1°o LYTO SIT0 8¢
[LT°0 601°0 I€1°0 SN0 Iv1°0 +80°0 191°0 981°0 901°0 LE
[LT°0 601°0 I€1°0 SS1°0 Iv1°0 ¥80°0 191°0 981°0 [448V) 9¢
891°0 961°0 I€1°0 SN0 8910 8600 SS1o [61°0 901°0 33
891°0 961°0 1e1ro Ss1o 891°0 8600 SS1o 161°0 1245V 123
691°0 601°0 1e1ro SS1o Sro 180°0 9¢1°0 y1T0 8800 €
691°0 601°0 Ie10 Ss1o Sro 180°0 9¢1°0 y1T0 6110 [43
IS1°0 961°0 Ie10 Ss1ro 891°0 181°0 Ss1ro ¥Y1T0 901°0 I
IS1°0 961°0 Ie10 Ss1ro 891°0 181°0 Ss1ro ¥1T°0 12454 0¢
(FANV 9¢1°0 601°0 6L1°0 ¢8I0 £80°0 ¥91°0 9¢T0 980°0 6C
(FANV 9¢1°0 601°0 6L1°0 ¢8I0 £80°0 ¥91°0 9¢T0 LIT0 8¢
IS1°0 961°0 €Ccro L9T°0 SIo €cro 9¢1°0 69C°0 ¥1°0 LT
IS1°0 961°0 €Ccro L9T°0 SIo €cro 9¢1°0 69C°0 €010 9T
6¢1°0 960°0 €Ccro 6L1°0 SIo 260°0 SSro [LT0 01°0 SC
6¢1°0 960°0 €cro 6L1°0 SI'o 260°0 Ss1ro ILT0 1o YT
6L0°0 680°0 IS€0 1ST0 ¥Zro ¥81°0 8L0°0 6€0'0 690°0 €C
S81°0 £91°0 L61°0 €Iro Iv1°0 ¥81°0 $91°0 870°0 S1°0 [4¢
(edIN) pSuans (Do) eamerad (Do /urensn) Orwy/m) L (edIN) ssou (edD)
ondne] -wo)uoneorddy  uorsuedxe [ewiIoy],  -ANONPUOD [ewWIAY], (AH) SSOUPIBH  -Uy3no) aInjoel] o[npow Junox By/asn) 10D (edIN) YSuang

pringer

Qs



337

International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

Sv10°0 10€0°0 $600°0 1€0°0 £900°0 900°0 61100 L0 88100 (1%
Sv10°0 10€0°0 $600°0 1€0°0 £900°0 900°0 61100 cLE00 62200 6¢
(44100 10€0°0 $600°0 6820°0 8500°0 900°0 61100 8¢0°0 LLTO0 8¢
S910°0 8910°0 1010°0 6920°0 ¥$00°0 $900°0 Y2100 L8200 £€910°0 LE
S910°0 8910°0 1010°0 6920°0 000 $900°0 Y2100 L8200 61200 9¢
29100 10€0°0 1010°0 69200 ¥900°0 SL000 61100 ¥620°0 ¥910°0 33
29100 10€0°0 1010°0 69200 ¥900°0 SLO00 61100 ¥620°0 12200 v
£€910°0 8910°0 1010°0 69200 8600°0 29000 (4100 62¢0°0 9¢10°0 €€
£€910°0 8910°0 1010°0 69200 8600°0 29000 (4100 6C¢0°0 €810°0 [43
Sy10°0 10€0°0 1010°0 69200 ¥900°0 6€10°0 61100 6C¢0°0 ¥910°0 1€
Sy10°0 10€0°0 1010°0 69200 ¥900°0 6€10°0 61100 6C¢0°0 12200 0¢
99100 ¥20°0 ¥800°0 1€0°0 1,L00°0 ¥900°0 92100 £€9¢0°0 €e10'0 6¢
99100 ¥20°0 ¥800°0 1€0°0 1,L00°0 ¥900°0 92100 £9¢0°0 810°0 8¢
Sy10°0 10€0°0 $600°0 68200 8600°0 ¥600°0 (4100 1100 91200 LT
Sy10°0 10€0°0 $600°0 68200 8500°0 ¥600°0 (4100 Y100 6S10°0 9¢
£€10°0 Ly10°0 $600°0 1€0°0 8500°0 1L00°0 61100 91¥0°0 9100 94
£€10°0 Ly10°0 $600°0 1€0°0 8500°0 1L00°0 61100 91+0°0 L1200 e
9L00°0 LETOO LT00 €00 8700°0 7100 900°0 6500°0 90100 €C
8L100 §200 IS10°0 96100 ¥500°0 7100 92100 £v00°0 1€20°0 (44
8L100 §200 IS10°0 96100 ¥500°0 I710°0 92100 £v00°0 (45300 IC
LTI0°0 10€0°0 Crioo LT200 ¥500°0 I710°0 4100 6600°0 ¥220°0 0C
LTI0°0 10€0°0 Crioo LT200 ¥500°0 I710°0 4100 6600°0 €L20°0 61
€910°0 (43300 91100 8¥¢0°0 ¥¥00°0 6¥10°0 [C10°0 60200 65200 81
€910°0 cee00 91100 8¥¢0°0 ¥¥00°0 6¥10°0 12100 60200 6100 LT
IL10°0 8S10°0 90100 w00 8500°0 ¥910°0 12100 6810°0 26200 91
IL10°0 8S10°0 90100 w00 85000 ¥910°0 12100 68100 9¢20°0 SI
6S10°0 89100 LETOO 69200 6500°0 I¥10°0 £¢10°0 1900°0 ¥0€0°0 4!
6S10°0 89100 LETOO 69200 6500°0 I¥10°0 €¢10°0 1900°0 Y7200 el
6000 200 81100 §0¢0°0 6700°0 17100 6C10°0 9¢00°0 ¥1¥0°0 Cl
(edIN) (Do) 2m (Do/urensi) Oruw/m) (AR (edIN) (edD) (3%
ySuans ondne  -eradwe) uoneorddy uorsuedxa [ewIay], ANANONPUOD [BULISY], SSQUPIBH  SSSUYINO) 2INJOoRI] S[npouwr unox /AsN) 130D  (edN) PSuang

pringer

A's



323-343

o 0 (970|200 (250|870 [EED PSO [FSO|VE0 |LEQ PP 0 |G620 (480 |50 (250|970 (990 |JE0 [JEDQ|ZG0 (250|260 (250|280 |200 (2080 |200 (260 |250 (850 |850 (260 |250 (860 |¥50
SL0| 0 |970|.00 (400|870 [8F0 ¥50 |[¥G0|LE0 |LEOQ [P0 |#70 (200 |250(250|200 (970 |LE0 (250|250 (250|250 (250|200 |200 (200 |00 (250 |50 (850|250 (250 |250[8€0 |¥50
SLO[SlO| O |00 (250|870 [EED ¥GO0 80| 0 |SVO|+'0 |[S20 (460 (250(250(9v0 [9v0[LE0 [LE0 (850 (850 (850 (850 (200 (200 [+¥0 [+5 0 (850 (850|850 (850 (8% 0 (850 [BE0[BED
TEQO [EEOQ[EEQ| O 0 [fL0]i10 LED |SL0|SE0 | ¥0 |950 | ¥0 |480 |EE0|EE0| S0 | S0 |#S0 |#S0 950|950 |SE0 |EE0 |97 0 |97 0 |620 |620 870 |8° 0|29 0 |29 0 [ESE0 [SEQ[ESEQ[EED
2F0 [EEQ (BP0 |GL0O [ O |EEOQ([LL0 W0 |0 | ¥0 | ¥0 |950 950|480 |EE0|EE0| S0 |50 |#50 |680)|950 |950|2E0 |SE0 |97 0 |97 0 |620 |620 (870 |87 0 |2¢ 0 |27 0 |EE0 [SEQ[ESEQ(BF 0
GE0 [620 620|850 (270 O [+] 90 [LEO[LE0 460 |90 |70 [460 (250 (250 (950 (990 [LE0 [LE0 (260 (260 (b5 0 [FF 0 (200 (200 [+50 (#5 0 (260 (260 (850 (850 (260 (260 |8F0 |8F 0
¥#0 |620 |¥P 0850 |BS0|SL0| O 9y 0 970 [LE0 480 |90 |90 (480 (250 (250|990 (990 [LE0 (250 (250 (250 (b9 0 (PP 0 [200 (200 (#50 (P90 [260 (250 (850 (850|250 (250|850 |E80 | #E
SE0 [SE0|SC0 |60 [6L0|EE0 [EED €20 (800 (V0 |2Vv0|+v'0 |0 [£80 (260 (280 (950 (970 (480 [LE0 (8% 0 (B9 0[S20 (520 (950 (950 (620 (620 (850 (8% 0 [2%0 (250 [EE0 [EE0|EE0 [EE0 | £E
S0 |sz0|+v0 [sE0 (g0 [8r0 [EED €20 CEO (950 |0 (48 €0 ([9r0 |90 [JE0 |JE0 (B8P0 |80 [S20 |SE0 (9P 0 |90 |620 620|870 |8F0|EF0 |ZF 0 |EEDQ [EE0|EE0[BF 0| EE
GL0 610|620 |250 (270 |EE0 [E20 9y 0 [LEO |60 |SE0 |90 |Fr 0|80 (250(250 (950 (990 [LE0 [LE0[250 (250 (SE0 [SE0 (200 (200 [+¥0 [+¥ 0 [260 (250|850 (850 (260 (260 [BE0[BED

SED [6V0|¥P0 250 [BS0|2E0 [E20 9y 0 [9v 0 [SE0 [SE0 | 80 [ &0 ZG0|250 |90 |97 0 |LEQ [S50|250 |50 |SE0 |SEQ (200 |200 [vP 0 | PP 0 (250 |20 (850 |80 (250 250 [BE0 |F50

[

GE0 |620 |97 0 |600 (680 |F50 [+50 0 0 [S€0 |2E0([LE0 |LED LEQ[LED [PS5OSO [PSO [FSO[ S0 [ 90 (600 (600 (990 (990 (950 (990 (260 (260 (850 (850 [LE0 [LE0 |85 0 (B850

I
@ [ |

G20 [620[Z0°0 580 (600|600 [+50 SLO| D |SE0[¥50|2C0 [LE0 LEO[LE0[FS0 [FSO[FS0 [FS0[ 80 |90 (600 600 (950 (890 (950 (890 (260 (260 (850 (850 [LE0 [LE0 |85 0 |ER D

[

950 | +v'0 [9g0(slo |90 [eg0 [8F 0 Zgo (zso| 0 [slofeso|+v0 Z60|250 |97 0 |97 0 |JE0 [E50 (2P0 (870 (8P 0 |87 0 (260 |00 (+F0 |FFP 0 [8F0 |85 0[250 |80 (870 |80 [8E0|F50

-

b
=]
I
L=NL =]

PO | ¥0 | ¥0 |90 |90 |80 |80 Z80 |gF0| O 0 _[#¥0 260|250 |97 0 |97 0 |LE0 [LE0Q (BP0 |87 0 (870 |87 0 (200 |00 [+F0 |FF 0 [SF0 |270 (850|250 (870 |85 0 [8E0 |2EQ

olo|lololo|lolo|o|o|o|o|o|o|o|o|o|ae
I
o
=)
[

International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14

€20 [E20 | +'0 [#¥0 [#F 0 [EE0 [EED 970 [LEDQ|EEQ 870 O O 480 |LEQ|LEQ(OP0 |97 0(LE0 |LEQ(EED |EEQ(EED |EE0 (070 |90 |JEDQ |LEQ|EEDQ |SEQ|EEDQ |EE0 |EEQ [EE0 |EC0[EC0

BEQ [£20[9s0 [ 90 [rrO[Br0 [EED 970 |97 0|27 0 |B8F0(SL0| O (/080 |LE0(LE0|9%0 (9P 0|L/E0 (250 |EE0 [EE0|SEQ [EE0 |90 |OF0(LE0 |LEQ(EE0 |EE0[EE0 |EE0[EE0 |EE0[E20|2EQ
©EQ |EE0 [EE0 [EE0 [EE0 [€E0 [EE0 €0 [2E0 [€E0 [SE0 [EE0 [EE0 [€E0 [SE0 (S0 [2E0| O [+'0 [ +#'0 [S20 (520|620 (620 (S0 [S20 (S0 [S2O|#0 [#0 [¢¥ 0 [¢5 0| #0 [#0 [ #0 [ #0 [ #0 [ #0 [SE0|SE0

BP0 [B8F0 |87 0 |E00 €80 |270 870 |E00 (€80 |270 (870|950 (950|870 (870|200 [E60|250 | O 0 | #¥0 [S20|620 |#%0[+'0 | #'0 | ¥'0 [+'0 |250 |20 [LE0 [LEQ|EE0 [SE0 (L0 |LL0|G20 (520 #'0 (950

870 |87 0|87 0 [€00 (200|890 870 (€00 (€00 (890 870 (950 (950 (890 (890 (200 (€00 (250 (SV 0| O [#0 [#'0 [+¥0 [+¥ 0 (950 (950 (950 (950 (250 (250 (260 (260 [EE0 (890 |10 [EE0| #'0 [S20 (950 (850
BEQ [ECO|SE0 |97 0 (970 |2E0Q [BE0 |97 0 (970 |20 [BE0 |97 0 [0F 0 |LEQ [LEQ |PC0 [F50|L00 (B8P0 (87 0| O 0 [¥00|6L0[EC0 |ECO[LEQ |VED[200 |200[SEDQ |SEQ (870 |87 0|87 0 870|870 (BP0 |2E0([F50
BEQ [SE0|BE0 |97 0 (070 |2E0 [BE0 |97 0 (970 |2E0 [BE0 |97 0 (0P 0 |LEDQ [LEDQ |FS0 [F50 O0[e80[8¥0|SL0| O |GLO|GLO|EE0 |BE0|LEQ (950|280 |280| G0 |SE0|8F0 |E80|8¢0 |E80|E00 |87 0 |F50|F50
©80 [£80 (€80 |97 0 (970 |E00 (€60 |#C0 (+G0|E00 (€60 |95 0 (070|200 [E00 |80 [E80 0 0 [sL0 290 (€60 |S00 (560|200 (870|950 [LL0|S80 (500 LL0
©0°0 (870 |€00 |97 0 [LED|E00 (870 |#50 (+00 |€00 (870|970 (070|270 [E00 €00 (870 |1L0 0 0 270 (870|500 (SO0 2% 0 (870|950 (950|500 (500 Lo
870 870 [8¥ 0 [F#¥0 (P70 (850 [BF 0 (850 (850 (850 (850 [ #'0 [ +'0 (850 (850 €00 (€070 (.0 |90 [+F 0 [L20 [LL0[LE0 [LED ©E0 (890 [¥50 [PS0[260 [LEOQ| ¥0 (950 G0 [S80 950

8r 0 |8r 0 [8v 0 [Fr0 (PP O [8v0 [Br 0 [8v0 [8r0[8v0 80| #'0 [ +'0 [8v0 [Br0[E00 [E80[sL0 [ 8D ZO00([lZ0 |LEQ| O O [EE0 [EE0 |50 [PSO[LED [LEQ[#0 [#D [ G0 [ 50D 950

870 |87 0 [250[SE0 [SEQ[BE0 [BE0 (290 (270 (8% 0 (890 [LE0Q [LEOQ (250 (250 (400 (400 [400 (250 [LE0 (200 (200 (260 (260 (400 [(480| O [SLO|bE0 [PE0|260 (260|260 [480( 60 (880 0

9F0 |27 0 |200[SEQ |SEQ|2E0 [BE0 (290 |Z70 |27 0 [B8F O [LEQ |LEQ|250 (250 (2400|400 |400 (250 (LE0|200 |97 0|LE0 250|250 (480 0 0 |¥50[FS0|4E0|LE0[250 (250|560 [50 0 [ €1
BEQ [BE0|BEDQ|¥S0 BE0[#S0 [FSO[BE0 [BE0[BE0 [BE0[2€0 [BE0 (#50 [#S0O (250 [ +'0 [ #'0 [ME0Q [LE0Q[SE0 [SE0Q (950 (950 [BE0 [BE0| O [SLO[6L0 610|850 [B¥0[EL0 [EL 0D BEO[ Z
BED [BEQ|BEDQ|FSD BE0 (S0 [#G0[BE0 [BE0[BE0 [BE0[BE0 [BE0 (#S0 [#GO (2G50 [ +'0 [ +'0 [LE0Q [LEQ([SE0 [SE0 (9% 0 (970 [B8E0 [BE0[ O O [SLO|6LO([8F0 |87 0[SO |SLD BEOD| M
PEQ [8E0 950 |LLD 950 L0950 |950 860|860 990|950 |£60 |£60 870|950 | +'0 |850 |27 0 |LE0 |250 |87 0 |60 | +'0 |950 (850|850 O 0 [8v0 [es0|#0 [#0 BEO [ O
BEQ [2E0 (990 |LL0[LL0|950 (950 L0950 |950 |86 0 |8E0 950|950 |260 |€60 870|950 | +'0 |850 |850|250 |250[200 |60 | +'0 (950 (850 (850 (S0 | 0 [8v0 200 [ +'0 (850 BEO| @
870 |87 0 |87 0 [250 (250 [8r0 [8r 0 [8r0 [8r 0 [8r0 [8r0 [8F0 [8r0 (B850 (850 00 (€00 (260 [ G0 [ G0 [bF0 (PP 0 |bP 0 (b0 | #'0 [ #0 | #'0 | #'0 |#F0 |FPO|LED [LED| O |SLO|¥0 | ¥0 v0 | &
870 |87 0 |87 0 [250 (250 [8v0 [8r 0 [8v0 [8v 0 [8v0 870 [8% 0 8¢ 0 [8v0 [8v 0 (T80 €00 (250 [ S0 [SE0[+v0 (620 (620 [prO[S20 [ #'0 [SE Ll vl v - - 0 [S20 |&E PO | L
Zr 0 |ZF 0|27 0 (B850 850|270 (270 (850 850 (250 (270 [#50 (#5025 0 (250 (400 (400 (250 (8.0 [S.0 |[+¥0 (PP 0 [SEQ [SE0| G0 [ G0 |290 |29 0|680 (6080 |2¥0 (290|260 [480] O [SL0 90 9
Zr 0 |ZF 0|27 0 [B50 [B50 (250 (270 (850 850 (250 (250 [#50 (#5025 0 (250 (480 (480 (260 (8. 0| 90 |+¥0 [S20|SE0 [SEOQ|SE0Q [ G0 |420 |290 |60 |60 |20 [J20 (260 (480] O 0 90| &
870 870 (250 (400 (400 (850 870 (400 (400 (850 (850 (€00 (200 (250 (250 (400 [400([250 (250 (420 |+F 0 [620 (620 (b5 0 [+F0 [ 90 [JE0[260| 90 |90 |620 (620|480 (260 (410 (410 B0 ¥
870 870|250 (400 [L00 |89 0 890 (400 (400 (890 (890 (€00 (€00 (250 (250 (400 [400([250 (250 (290 (b5 0 (P50 b5 0 (P50 | 90 [ 90 [260 (250 | 90 [ 90 |#¥0 [P0 [LE0 (260 (410 [EED 0 [ €
280|200 /2080|400 |L0°0|250 (250|400 (400|200 (200|250 (250200 (280 0[480 (250 [LE0 P50 [BEQ (b5 0 [b¥ O (b5 0 [ 90 [260 (480 |¥E0 [PE0|680 [#S0|260 (480 (850 (850 Slof
970 [9°0 |20 400 260|250 [LE0 |00 (250|200 (970|250 [JE0|970 (280 0|00 [LEQ|LEQ|BEDQ [BEQ 620 (G20 |Pp 0 (PP 0 250 (250 |P50 [PS0|PC0 [F50|260 (250|950 (870 0 L
OF | 68 | 8€ 98 | GE | ¥E | EE | ZE [ LE | OB [ 62 | B2 | 4 az ¥E | €2 [ ZE | L |02 | G | 8L | LL | @k | S | FL [ EL|EL 9 <] g £ g 5 L o)

338

TILDHTH I0J XLIjeW 90uepIoduo)) (p)

pringer

As



339

International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

0 I I EN I EEE T EY ] SE'0 [SE0 [ L ] G620 [62'0 [95'0 [#2'0 [8E'0 [62'0 [LE'0 (€50 (€80 [48'0 |G5'0 [4E°0 |S2'0 |£8°0 | 4870 |S2°0 |#E'0 |#F0 |#2°0 [EF'0 |92°0 [#2°0 [2F'0 [#E'O [FEO [OF
0 0 91’0 510 [§1'0 220 (220 (g0 [0 [t I ZZ'0 [SE0 [ L9'0 [B2'0 [B2'0 |80 [+2'0 |S2'0 |B2'0 |BE'0 |€8'0 |£5'0 |58'0 | S50 |SE'0 |G2'0 |GE'0 |SF'0 |20 [S2'0 [2E'0 [#2'0 (€0 |20 [4E0 [620 [4E'DQ |4ED |EE
L L 0 L1'0 [ZE'0 [+2'0 [ LE0 [GL0 |8LD | L ¥0 |¥0 L L ¥Z'0 |82'0 |580 [£20 |¥'0 |SE'0[FE0 |50 |S0 [90 |50 |¥'0 [S2°0 |00 |6E0 [S2'0 |SE'0 (90 [¥2'0 |SF0 (S0 |¥E'0 |#F0 [GE'0 |6E'0 | SE
] I I 0 I I ] ] ] I ] ] I ] ] I I G20 [PE'O[LE0 [L20 [ R2D [ I I ] £0'0 [S9E'0 [L 980 [LF'0 [48'0 |£'0 |20 |800 |4F0 |SE'0 | 480 |SR'0 |SR0 | iE
] ] ] 0 o ] ] LSO (L ] ] G20 [ L I I I I L0 | ¥E'0 | SE'0 L0 [0 [ I I I SE'0 [¥E'0 (840 [+B'0 [EE'0 [EE'0 |4F'0 |ZE0 |4F0 |4F0 |FE'0 |EF0 |GR'0 |50 | BT
L L L 200 |F0 |0 L 920 (8920 [ L L L L L 0 |80 |ZL0 [42'0 (680 |¥EO (90| 98'0 |G8'0 |29'0 [9'0 |SE'0 |46'0 [#B'0 |BE'0 G50 [89'0 |SE'0 (990 |EF'0 |LE'0 [#E0 |£0'0 |£80 [SE
] I I £0'0 |€0'0 |0 0 SZ'0 (820 [ ] G40 [ L ] ] g0 |80 |20 920 [9E'0 [¥E'0 [¥E'D [9B'0 |9B'0 |200 |Z8'0 |SE'0 |8E'0 |SL0 | R0 |SE'0 |£'0 |SF'0 |LZ'0 |EF'0 |20 [LZ'0 [P0 |80 (280 [FE
] ] ] ¥80 (L ] ] 0 ] ] ] ] i L _. i i ©8'0 [£E'0 [20°0 [850 |80 | i i L0 |£8°0 |¥'0 | G6'0 T80 |¥F'O (850 (600 [LF'O (800 [SF'0 |ZF0 (980 [G5'0 |G50 |EE
] i _. 600 [S8'0 [ I 0 0 L L L L L L L L £8'0 [62'0 [SF'0 [850 [850 [ L L0 |20 |sF'0 [£0 i1'0 | 480|620 [¥'D |£5'0 [ST'0 |50 |0 [GZ'0 |S'0 |S80 [SE0|ZE
95'0 [98'0 [£8'0 |SV0 |0 | 220 |60 [£L0[sbo [0 ] G5'0 (550 | L ] 458'0 [48'0 [£0'0 [#2'0 [28'0 [892'0 |8F'0 [8'0 |S2'0 |80 |LE'0 |ZE0 |E'0 |SB'0 |#L0 |FE'0 |SF'0 |60 | L0 S50 |80 [ZE'0 (950 |50 (S50 [ LE
95'0 [95'0 [28'0 |Sb0 |Sb0 |20 |20 Vo [glo [o 0 60 [§5'0 | b ] 25'0 [28'0 (20’0 (810 [ZE'0 [S0'0 [€2'0 [ZE'0 |20 |6F'0 |SL'0 | LE'0 | PO |SR'0 |#E0 |EV0 | 420 |&E'0 |20 |LE°0 |8L0 [Z2V0 980 |50 (S50 [OE
I I I G20 [ L &80 (L L2040 [ ] 0 I ] ] 48'0 [LE'0 [L9'0 [LE'0 [95'0 [¥E'0 |50 [ZB'0 |90 |60 |80 |98'0 |LE0 |SB0 |SL0 |#'0 |2E'0 |£8°0 |80 | L0 |EF0 [SE'0 (90 |¥F'O [SE'O |62
i i L ZZ'0 [ 180 [68'0 |BB'0 [€2'0 |E€E0 | L 0 0 L L 480 [48'0 (100 [#2'0 [LF'0 [B2'0 [SE'0 (90 |90 [+B'0|4E0 |MF0|SE0 |ZL0 | 190 |SE'0 |LE'0 |8F0 |#2'0 |9F0 G20 [#2'0 |SF'0 [SE'0 [SE'O |82
8F'0 [8F'0 [0 L0 [+L0 [+L0 [+L'0 [€L°0 [€1'0 |26'0 |28'0 |SE0 |+ED |0 0 £1'0 (240 [6F'0 [§1'0 [82'0 [S1'0 [8L'0 [92'0 |82'0 |pE'D | LE'0 |S2'0 |EL'0 |2E0 |EF0 |EV0 |Z2'0 |20 |40 |0 |§L0 [£V0 620 [gE'0 (90 |22
oa'0 [ b LE'0 | #1°0 |SF'0 #1080 |EV'0 (810 (280 (240 [¥E'O [¥ED [ L 0 €10 (480 [6F'0 [6L0 [P0 [2'0 |SE'0 [6F'0 [S2'0 [68'0 |¥E0 |LF0 |PE0 |L8'0 |8E0 |L2'0 |4E'0 |4F'0 |S2°0 |90 €0 [92°0 [SF'0 [9E'0 (90 |82
i i L Y20 [SF0 [ L €20 [EE0 [ — L i L L 0 i 6F'0 [82'0 [L+'0 [6F'0 |6F'0 |GB'0 |6B'0 [85'0 |0 |¥'0 |$E'0 |£8'0 |8E°0 |L2'0 |LE'0 |90 |S2'0 |SF'0 |90 (820 [#F'0 (620 (620 G2
! i I Y20 [vE0 [ _. €20 [£E0 [ L L L L L 0 0 6’0 |82'0 [S2'0 [6F'0 |BF'0 |68'0 [68'0 |LF0 [P0 [¥2'0 |2'0 [25'0 |EF'0 |90 (920 | LE'0 |60 |SE'0 |SE'0 (8270 |20 |620 620 | +E
I I I ] I I ] ] I I ] ] I ] ] I I 0 €50 [48'0 [8'0 [LBO [ I 60 (890 [ B0 [ L ] I I LE'0 [65'0 [46'0 (€20 [280 |60 | LE'0 | €2
] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 0 ] ] ] ] ] ] ] 80 (880 [ ] ] ] ] €20 (L I 80 [ l l ZZ
] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 0 0 280 (L _. i I _. 80 (880 [ 840 (b l ZZ0 (800 80 [vLO|L0 |BED|L I 34
] ] ] ] ] ] ] ] ] ] ] ] ] _. I ) i _. LED [ L 0 _. _. L Z'0 (280 |80 [LE0 [ L L L Q40 [GE'0 [ G0 [#50 [ L L 02
] ] I ] ] I ] ] ] I ] ] ] ] ] I ] ] LE'0 [LE'0 [0 0 ] ] Z8'0 [28'0 [LE'0 [LE'D [ ] ] I L0 [SE'0 [ L 80 [#5'0 [#50 |1 I Gl
i i I 60 [4F'0 (880 [ 40 [€£0 [ I F i L _. i I G680 [L2'0 [2ZE'0 [B0'0 210 [0 0 61’0 [60'0 [£2'0 (€10 [68'0 [60'0 [LE'0 [LE'0 |2F'0 |G2'0 | LF'0 |#1'0|B00 |BED | L I gl
L L L L0 [4F0 [ L L0 [€£0 [ L L L L L L L G6'0 [£2'0 (240 [82'0 [€£0 [ 0 4G'0 [G2'0 [80°0 [ZE'0 (L L ZF'0 |99'0 |8'0 |SE'0 €80 |8F0 [SE0 (80 | L il
] ] I 9.0 [68'0 [ L ] g0 [b ] ] ] ] ] ] ] ] ] £0'0 (€80 [ ] ] ] 0 0 GZ'0 [S2'0 [8'0 |48'0 [29'0 |Z00 |4E°0 |4E°0 | 980 | 980 |#E0 |#E0 L ] al
i i I G50 (680 [ I F i I I I I I I i I I 80 (€80 [ I F I I 0 £5'0 [520 [ ©6'0 (280 [20'0 [£8'0 [LE'0 [©B'0 |9B'0 |+8'0 [+BO | I Sl
] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] €80 | b ] ] _. ] I I _. 0 0 I _. i i GE'0 (920 [ I _. I i I bl
] ] I ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 0 ] ] ] I ] Q20 [ L ] ] ] ] ] £l
i I I I i I I I I I I r I I I I I 40 [4F'0 [¥B'0 [EE'0 [SFO [ 840 [ 980 [8'0 |E6E'0 |0 0 £8'0 [Z8'0 [ ©5'0 [§5'0 [€E'0 [#E0 |S50 | G8'0 |21
] ] ] ] ] ] ] ] ] I I ] ] ] ] ] i ¥B'0 (850 [ Lo |80 [ 60 (L L G680 [6F'0 |1 0 LBO [ L 00 [L6'0 [+F'0 [E00 [ L L Ll
] ] I ] ] ] ] ] ] ] ] ] ] ] ] ] ] $5'0 [SE'0 [Z8'0 [LB'0 [LBD [ ] ] ] 99'0 (820 [ ] 0 I 00 [Z2'0 (€20 [ZF'0 [¥ED [LED | L ] 0l
] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 6.0 |GE'0 |20 | B0 | LB [ ] ] ] 920|920 | L80 |0 0 €20 |ZE'0 |ZF'0 |2F0 [¥E0 [$ED | 950 |6

I I I ] I I ] ] I I ] ] I ] ] I I ] LED [ L I ] ] I I ] ] $E6'0 (950 (950 [L I 0 0 I I ] ] I I g

] ] I ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 0 ] ] ] ] ] ] £

] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ¥OO[E LE'0 (850 | L ] ] ] G50 |50 | L ] ] ] LE'D | LED (D 0 £80 | L ] ] a

] I I ] I I ] ] I I ] ] I ] ] I I ] 950 [ L I ] ] I I ] G5'0 [55°0 [ ] I I G0 [LEO ([ 0 ] ] I I 5

] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] L L L L 60 (€60 [ L L L €80 [¥'0 [ g0 [0 L L L t

] ] ] ] ] ] ] ] ] ] ] ] ] _. _. i i _. ZE0 [ S0 (L L L L L 260 (€60 [ +2'0 (L L ¥0 |¥'0 |80 [880]|0 0 L L £

I I I ] I I ] ] I I ] ] ] ] ] I I Z6'0 [£E'0 [£E'0 [99'0 |90'0 |€6'0 |€6'0 |Z4'0 |Z4'0 |S2'0 | V0 |£4°0 |98°0 |90 |90 | L0 |SL0 |0 |§0 [£E'0 [£E'0 [0 0 Z

i L L L i L L r L L L L L L L L L L €20 [L8'0 [90°0 [90'0 [©6'0 [€6'0 |240 |240 |9B'0 |SF0 |1 950 (L0 [ 480 [ZE'0 (140 [§'0 [¥E'D |SE0 (L 0 I

oF |&E (8 (L€ |9E |SE |¥E |EE [ZE |ME (O |82 (BT |42 |82 (S (¥ [EE2 |22 (L2 |02 (&b 2L |4 [9b &L (L O|EL [ZF |EL (O B 8 L a g ¥ € Z L D

TLLDATH 10J XLIeW 90UBpIodsI( (9)

pringer

a's



323-343

International Journal on Interactive Design and Manufacturing (LJIDeM) (2020) 14

340

Qoo |o|lo|lo|lo

olo|lo|lo|lo|la|lo|lo|o
=N =0 =0 k=0 =N =] =0 =]
=}
=

QIOIOIQIOo|I0 |0 IQ|Oo|o|o|lQ|lo|lo ol
QIQIOIOQ|IOo|IO|O|IQ|Oo|o|lo|lo|lo|lo|lo|lo

Qoo |Io|lo|lo|lo|lo|lo|lo|lo|o
QIO |IO|IO|o|O|O|Oo|O|o oo

p[oJooJoJofo]o]o0 0Jo[oJoJofoJoo[oJo[oJoJo]o[o]oJo[o]o[o0]oe]o[ojo]a]o]o]o]o]0r
o[ ofofofoo[o]0]0 ol ofofofofofo]ofofofofo] oo o] o] o] o] o[ ofo]ofo]c[o]o]o]o]o]6e
o[ of ool o] ool o] o8 o[ofo]o[o]oo]o]o[o]o[o]o]o]o]0]o]o]o]o[o]o]o]o]c[o]o]o]o]o]se
o[ of ol ool ool oo o] ool o] o[ o o[l oo 0]0 o[ o o[ofoofolofofo]ol0]
[ o o[ ofofofo]ofo]ofofo[o]0 IERRE o[ of0] o[ ool ofo]e]olo]o]o] 0] e
o[ ofofofofo[of ol oo o ol o[ of® ofo]o[o]0]0 o[ o]0 o[ofofofofofofo]o]0]
o[ oo ofofolofo]o]0]0 ofo ofo]ofo]o0 o[ of of8# of o[ ofofofo]o[o[o]o]0]e
o{ofo]ofofo[ofo]ofofo[ofofoofc]of[ofo]ofo]o0 o[ ofo o{ofojofofofofofofo]¢€E
o[ o[ oo o[ ol oo ool ofc[ o] o clo]ofo]0]0 o[ of ofB#] o] o o[ ofofo]ofofo]o]0]z
o[ ofofofofo[of o] ool ool o] oo c]ofo]olo]0]0 o of off¥[ o] o ofofofolof o000k
o[ ofofofofofofo]o]o]oo]o]o]o]o]o]0]o[0]0]0 o[ o o] o[ of of o] oo o] o[ofo]o]0]ce
o[ o ofo ofofofofofofeo]0]0]0 o[ o]0 o[ofoofofofofo]o]0] ez
o[ 0 o]0 ol of o[ ool oo o000 o[ o[ o] of o[ o[ o[ o]ofo[o[o[o]o]0] ez
o[ 0 ofoofofofofoofo]ofo]eo]0]0]0 o[ of o[ o o[ o o[ ofofolofofo]o]0]
o0 ofof[ofofofo]ofofo]o]o]o]o]0]0]0 o] o[ o[ o[ of oJ o] oo o]0l o[o[o] 0]
o[ 0 of ool of of o o] oo ool 0]0]0 o[ of o[ o o[ o[ o[ o]ofolofofo]o]0] s
o[ 0 o] ol o ol ofofofo[o]0]0 o[ o[ o[ o o] o o[ o]0l o] o[o]0]0
o[ 0 ol o] oo ofofofofofo]0]0 o[ of o[ o o] o o[ ool o] o[o]0]0
ofo]ofo]o0 R o[o[oo]o[o]o[0]0
ofo]ofo]o o{ofofo]ofo

ofofolo]o]e [0

ofofofo]of0 0

ofofofo]of0 0

ofofalo]o]o [0

o[ofofo 0

ofofofo 0
0 7l

0]

0

0

0

0

0

0

0

0

0

0

0

0

L

bl E=1 E=1 E=1 E=1 [=1 =1 I =1 =]
—lQo|ao|o|ola|la|lo

o |lao|lo|lo|o|lo|lo|la|o|a
DIoIo|Oo|Io |O|lo|lo|lo|lo|lo|lo|o
nolololo |lololo|lololalalo

[

olo|lo|lo |o|la|lo|o
(=]
—|lo|la|lo|la|la|lo|lo|o

(==

pringer

As

X1new Ajorradns [e10) pagipow a4, (3)



341

International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

9 VIN VIN VIN 14 8 S 8 g [ WM
CdN B O, /urenst /A AH TN ©dD B TIN | eI
y3uans ! Al ssoupxeyy | ssouydnoy | ompoy | jasn | wSuens
ongneq [euLay |, [euLdy |, 2amoeL] Sunox 1500
~ 66| 86| 9uE0| Le| IS0 SE| 02990 ¥E| 8080| “€0020| 1250 02| €890] #2) 16300| EOLIES
8cL| 81| ~860Z0| 61| ~29€0| 91| ~ys0| | ~Zz890| ~tesl'0| ~08eY0| ve| ~L¥SED| €z| ~L0L00| 0OMON
16| ot| 8wE0| ve| 086v0| | ~16v90| ie| €080 ~€00Z0| 0EISO| 81| I&YO| 22| ~8LL00| EOLIES
see| ov| “ssov0| or| iS50 ov| “zz000] 2| “€1s80| “15020| 1sv50| Si| “wzer0| 1z| ~va00) eosies
vee| 6| “mBE0| 6c| €86S0| ec| 22690 Ly “i9v0| “15020| “S6es0|  wi| “80050| 02| 2S00 €09iES
€9€| (| 18960| 8¢ 59250 8E| eve90| 6c 1Zv80| 1S020| 0250 6| €090 6 ~6LL00| 0OKZES
we| s “uveo| 9| “e0is0| se| “ses0| s “£9€80| “15020| “i€1s0| 01| “0850| 81| “SaL00| 00urES
ordurexa Sy 10§ pa3od[as SI )09 €S O we| of| “eaco| e “0izv0| 1| “ises0| 21| “6szs0| “sar0| “sev0| i “306v0| 1| 0600 0OLIES
€| 2zc| “0cec0| oe| 466v0| 96| "$9990| €| 2e€80| “1S020| ¥6050| 8| 8€950| 91| 90800 0OLKES
| s| “es00| o1 02620 01| “sv0s0| 0| “2£10| “Z86r'0| “99%€0| vz| “vieE0| i ~01800| ZZ0SON
o1 = =7z oL ot se| “eeo| ie| “weowo| 1| veiso] | “sezso| “secvol “wearo| e “ewso| v a0 ouuies
sz v zove0| 1e| zev0| 82| “9850| 61 08000| “¥88L0| 26050 9| “Z96S0| €1 52800 0020€S
T 3 < 0S0=A Soe| sz| “060£0| ee| “/Sev0| 6e| wevs0| S| 06080| “£2020| “£26v0| 24| “Z5650| 21| ~vv800| €OVOES
sz &z vuie0| ez 6iw0| 2| “wiusO| 81 600L0| “¥88L0| iv6¥0|  v| %8090 11| ~9v800| 00Z0€S
HONIA v0E| €| “6%820| O¢| “vasy0| Ie| 80690 ¢ ~€c080| “£2020| 6L¥0| k| “Lyws0| 01| “800) eOv0ES
S ! Ll SISdOL o6z 0z| “e1zz0| 6 “veszo| 8| “sesz0| 8 ~eme0| “zovi0| “evw0| €| “95290) 6 ~90600| 0OVOES
14 S I LT 16z 91| “oesio| £| “eiez0| £| “se9z0| | £0E0| “Lowo| “sszr0|  Z| “L0v90| 8| 52600 00VOES
0091€S | 0010ZS [ 0TOSON oI siz| €| “msro] s “sscro] s “sielo] v “z30z0| w820 “suvo| zz| “essy0|  £| 19600 OEESON
[eLRN oz ¢ “z0v0| v “es0r0| z| “09i0| 2| “1ezv0| “veli0| “8£0|  £| “¥2650| 9 ~88600| 00SLES
uz| ¢ “ow00| 8 “eecz0| 6| ezev0| €1 #1E90| ¥88L0| 6LED|  &| ¥60L0| S| S10L0| 00025
6| v “ea00| 1| “zes00| t| “16600] 1| “96100| “95010| “0%€0| | “s»090| »  ~12010] 008LES
91z u| “zzwo| | “seovo| s| “zeio| € 020z0| “wez0| “eiov0d| 1z| 1990 € ~vr0L0| OEEBON
= sz z| “soewo| | “uzs00| v| “mvero| s “ouezo| “wevo| “weeo| 6t| “euv0| z| “veiio] 0zoeoN
E o 2| zuoo] € “owsio| | “siezo| “wevo| “iezeo] 1] “isevo| 1] “ssiro] ozoson
' " o o o o o o o o 0 [) o o o o 0
”HM.M ;#..M . mm.wn - MY Lyown AR SO wuey  SORA yuey TR o wown U SISdOL Mued u1oa
851L0| 0980|9676 L szon c N SNOUVOUID34S VINA1VI | NOLLYIIUUOO NVIEV3S | S11ns3y | NOLLDI13S GINI3G-UISN | NOLLST13S TVWEON
B e || et it
2veso| “sseso(“zzowo]yzsoso| (oeo) [ NouwBS Shms15a
O] UIh NGOG NOUA  uoGa SISdOL wioEm u =2 = &
SHNSY THSAd

Juouoduwod

o) jo Surjpuey Ased 10J [eLIOjEWT
1yStom 1ySIy osn 0} o[qeIIsap SI ] (§
“Juauoduios oY) Jo UONONISU0d

oyy ur pesn oq [m Sunured (o
"y31Y 2q P[NOYS UOISOLIOD Iojem

PUE JUOAJOS OTUESIO 0) dOULISISAY (P
‘s10)1]

06 ST Juowaxibar ownjoa Sunjiom (o
*K[oAn0adsax

wuwr o L]g  puB wWw ¢'96]  oIe
syuowarnbar 10jourelp pue yIsu (q
1sd oS T

s1 juowoinbal amssaxd Suryiop (e

sjudwdambay

aqn) wdgoiN :[-djdwexy

D xipuaddy

pringer

a's



International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

342

S 9 9 € ¥ 9 S 8 HEED
CdN B B AL AH TdN EoIED NS
Suons L| yurens | Auanonp ssoupief| Smpopy /| wsuong
onSpey | wonwoyddy | uorsuedxo Jeunayy | ampery | Sunox | asn
ULy |, 1500
L/z\
TS UT e SeY T ST TEeE U ST ST SOVSUT ST USIVUT S SSIUUT T
zrs0| se| “esevo| 2z “ssev0| 22| 9ese0) 26530, 1] “owvo| 2z 4600 €091ES
8v6v0| ec| “sesr0| 02| 820 1z) “8ILE0 8690 si| “sevo| 1z 90800 €091ES
o—&wau SIY) I0J PAJII[AS ST OO91 €S O 89920 97| IL6E0| Lz “¥EZS0|  SZ| L1990 62950, 9€| “€60E0| 0Z| L0800 OOFPON
89710, 5| 18er0|  s| “sezro] ¥ 210 50| 22| 10| 81| 02800 OZ0BON
86810 | “essr0| 8| “osmo| 3| “i0er0 99650 £2| “68£0| 81| 02800 0208N
suzo| sz “cuvo| ee| “wss0| sz| 26890 96950, 12| “1S660| £1] “££800 2009H
me =1l o8 [eoL 0s0v0| sz| “vseco| 1] “ese0| 61| “eswE0) 9030, 21| “u98v0| 91| "800 €0vES
T 7 < 05 0=A YONIA soe0| 81| “so0] s “weeco| oi| uweeo) 6850,  z| 8550 Si| “9/800) 00L0ZS
030, 0¢| 0ese0| Si| 9wE0| 41 28ec0 o650 11| “e16v0| 1| “v8800| €0v0ES
91 I I3 SISdOL weso| ve| “usvo| s “zueo| zi| “eszo 1590 01| 5050 €1 ~98800| 00Z0ES
szev0| ez “eawo| 91| “oose0| 11| “zeszo) 86690, 6| L6150 21| %6800 0OZ0ES
9 € 1 HILOFTH 89EE0| 91| ESEED| €L| “SEEED| GL| “EzEE0 ¥9850| 9| L1250 11| “€1600 00LZES
0800 €| “20300] 2| “10v00| 2| “00e00! 82050 81| “66ev0| 0L 61600 0EEBON
OZE8ON | 00YOES | 0091€S ssic0| vi| “woeco| 21| “seze0| wi| “eszeo) 6650 8| 4150 6| “$2600| 00L¥ES
TN POHRN zaczo| o1 “swzo| o1 “szizo| 8| “uslo 99950 vi| “voor0| 8| 22600 o0LteS
&z6z0| 1| “ezoc0] w1 “sueo| e ez 0250 §| “vzs0|  £| “ves00| 00urES
wzzo| 6 “ss0z0 8| “ssero| ¢| “iearo 16v50| €1 “ewy0| 3| “82600) 0OLIES
\ / v9e00, 1| “ez00| 1| “ze00] 1| “16000 98870, 91| 890 G| “95600| OEEBON
| < 96k 8 “iesl0| 6 ~swz0| 01| 01120 16es0| €| “avsso| v| “zse00) ooroes
= wevo| 9| “wmsio| o “wuvo] 6| “wero 71250 1| “e950| €| 29600 00v0ES
} 02500 v ¥3L00 v 20010 S 15210 9E6Y'0 L 8150 (4 8E0L'0| 00SLES
L A 0 z £©£E00 €| “Lnoo € Lo LYo ¥| w0 L 29010 009LES
2080 L o 0 0 0 0 0 0] 0 0 0 o o 0
MWM.” MMM“ wmwﬂ_v - LHowA WY | SLO ey SO yuey STOA M S ey sisdoL WY 1031
ZLLE0| ~1999°0| ~2£98'0| 13280 L SNOUYDIIOIIS TYINILYIN | NOUYTIIHHOO NVIWHY3dS | S1INS3y | NOUDIT3S O3NIIICHISN | NOUDITIS TYWHON
A a : e IHOND 40 34AL I LY 5V
£69'0| ~26££0| %2260 “Z5260| 19060 NOUS313S 3NINS3130
HOMA MOWA MONA  MOWA S'SYOL 8IDIB =) (@)= B
SHNSOY TASAd

Juouoduwod ay) JO UOHINNSU0D

oy ur posn oq (M SuIPPOM(S
uoauodwos

oy} jo Jurpuey Ased Ioj [eLIdjeW
JySrom ySI] asn 0) dqelIsap St i (J
ueuodwod JY) JO UOIONIISUOD ) Ul
pasn aq [im Sunured sneys-onosrg (2
D0 021 St ermeradwo) Sunyiopm (p
‘s1|

2 st juowanmbar swnjoa Suryropm (9
‘Kjoanoadsar

ww /] pue wuw G9G] oIe
sjuowaambar 1ajowerp pue Yiduag (q
1sd (]

s1 juowalnbor amssord Supjrop (e

syudwdambay

Nue) dueIqUIdIA :7- ddwexy

pringer

As



International Journal on Interactive Design and Manufacturing (1JIDeM) (2020) 14:323-343

343

References

10.

11.

12.

13.

14.

15.

16.

Balci, A.: Development of a material selection decision sup-
port system for pressure vessels. Master of Science Thesis, Gazi
University Institute of Science and Technology, Ankara, Turkey
(2014)

Karande, P., Chakraborty, S.: Application of multi-objective
optimizationon the basis of ratio analysis (MOORA) method for
materials selection. Mater. Des. 37, 317-324 (2012)

Chatterjee, P., Athawale, V.M., Chakraborty, S.: Materials selec-
tion using complex proportional assessment and evaluation of
mixed data methods. Mater. Des. 32(2), 851-860 (2011)

Jahan, A., Mustapha, F., Ismail, M.Y., Sapuan, S.M., Bahramina-
sab, M.: A comprehensive VIKOR method for material selection.
Mater. Des. 32(3), 1215-1221 (2013)

Sapuan, S.M., Jacob, M.S.D., Mustapha, F., Ismail, N.: A proto-
type knowledge-based system for material selection of ceramic
matrix composites of automotive engine components. Mater. Des.
23,701-708 (2002)

Mayyas, A., Shen, Q., Abdelhamid, M., Shan, D., Qattawi, A.,
Omar, M.: Using quality function deployment and analytical hier-
archy process for material selection of body-in-white. Mater. Des.
32,2771-2782 (2011)

Shanian, A., Savadogo, O.: A methodological concept for material
selection of highly sensitive components based on multiple crite-
ria decision analysis. Expert Syst. Appl. 36, 1362—1370 (2009)
Chatterjee, P., Chakraborty, S.: Material selection using preferen-
tial ranking methods. Mater. Des. 35, 384-393 (2012)

Maitya, S.R., Chakraborty, S.: Grinding wheel abrasive material
selection using fuzzy TOPSIS method. Mater. Manuf. Processes
4(28), 408-417 (2013)

Mansor, M.R., Sapuan, S.M., Zainudin, E.S., Nuraini, A.A., Ham-
bali, A.: Hybrid natural and glass fibers reinforced polymer com-
posites material selection using analytical hierarchy process for
automotive brake lever design. Mater. Des. 51, 484-492 (2013)
Bahraminasab, M., Jahan, A.: Material selection for femoral com-
ponent of total knee replacement using comprehensive VIKOR.
Mater. Des. 32(8-9), 4471-4477 (2011)

Liu, H.-C., Liu, L., Wu, J.: Material selection using an interval
2-tuple linguistic VIKOR method considering subjective and
objective weights. Mater. Des. 52, 158-167 (2013)

Chan, J.W.K., Tong, T.K.L.: Multi-criteria material selections and
end-of-life product strategy: grey relational analysis approach.
Mater. Des. 28, 1539-1546 (2007)

Serafini, M., Russo, D., Rizzi, C.: Multi criteria material selection
for eco-design. Comput. Aided Des. Appl. 12(5), 526-536 (2015)
Balci, A., Yurdakul, M., Ic, Y.T.: Development of a decision sup-
port system to select materials for pressure vessels. J. Fac. Eng.
Arch. Gazi Univ. 33(1), 115-125 (2018). (in Turkish)
Anojkumar, L., Ilangkumaran, M., Sasirekha, V.: Comparative
analysis of MCDM methods for pipe material selection in sugar
industry. Expert Syst. Appl. 41(6), 2964-2980 (2014)

. Chatterjee, P., Athawale, V.M., Chakraborty, S.: Selection of

industrial robot s using compromise ranking and outranking meth-
ods. Robot. Comput. Integr. Manuf. 26, 483-489 (2010)

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Yurdakul, M., Ic, Y.T.: Application of correlation test to criteria
selection for multi criteria decision making (MCDM) models. Int.
J. Adv. Manuf. Technol. 40(3—4), 403412 (2009)

Kannan, G., Vinay, V.P.: Multi-criteria decision making for the
selection of CAD/CAM system. Int. J. Interact. Des. Manuf. 2,
151-159 (2008)

Dey, A., Hofman, D., Yodo, N.: Optimizing multiple process
parameters in fused deposition modeling with particle swarm
optimization. Int. J. Interact. Des. Manuf. (2019). https://doi.
org/10.1007/512008-019-00637-9

Cheaitou, A., Khan, S.A.: An integrated supplier selection and
procurement planning model using product predesign and opera-
tional criteria. Int. J. Interact. Des. Manuf. 9, 213-224 (2015)
Barajas, M., Agard, B.: Selection of products based on customer
preferences applying fuzzy logic. Int. J. Interact. Des. Manuf. 5,
235-242 (2011)

Mengoni, M., Graziosi, S., Mandolini, M., Peruzzini, M.: A
knowledge-based workflow to dynamically manage human inter-
action in extended enterprise. Int. J. Interact. Des. Manuf. 5, 1-15
(2011)

Opricovic, S., Tzeng, G.-H.: Compromise solution by MCDM
methods: a comparative analysis of VIKOR and TOPSIS. Eur. J.
Oper. Res. 156, 445-455 (2004)

Kuo, Y., Yang, T., Huang, G.W.: The use of grey relational analy-
sis in solving multiple attribute decision-making problems. Com-
put. Ind. Eng. 55, 80-93 (2008)

Ic, Y.T., Yildirim, S.: MOORA-based Taguchi optimization for
improving product or process quality. Int. J. Prod. Res. 51(11),
3321-3341 (2013)

Parkan, C., Wu, M.-L.: Decision -making and performance meas-
urement models with application to robot selection. Comput. Ind.
Eng. 36, 503-523 (1999)

Ic, Y.T., Yurdakul, M.: Development of a quick credibility scoring
decision support system using fuzzy TOPSIS. Expert Syst. Appl.
37, 567-574 (2010)

Ic, Y.T., Yurdakul, M.: Development of a decision support system
for machining center selection. Expert Syst. Appl. 36(2), 3505—
3513 (2009)

Gu, Y.K., Cheng, Z., Qiu, G.: An improved FMEA analysis
method based on QFD and TOPSIS theory. Int. J. Interact. Des.
Manuf. (2019). https://doi.org/10.1007/s12008-018-00523-w
Khodaygan, S., Golmohammadi, A.H.: Multi-criteria optimization
of the part build orientation (PBO) through a combined meta-
modeling/NSGAII/TOPSIS method for additive manufacturing
processes. Int. J. Interact. Des. Manuf. 12(3), 1071-1085 (2018)
Ke, C.-K., Chen, Y.-L.: A message negotiation approach to
e-services by utility function and multi-criteria decision analysis.
Comput. Math Appl. 64(5), 1056-1064 (2012)

Fischer, X., Coutellier, D.: Editorial. Int. J. Interact. Des. Manuf.
1, 1-4 (2007)

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s12008-019-00637-9
https://doi.org/10.1007/s12008-019-00637-9
https://doi.org/10.1007/s12008-018-00523-w

	A knowledge-based material selection system for interactive pressure vessel design
	Abstract
	1 Introduction
	2 Description of PVSEL
	3 Testing PVSEL and Illustration of Critical Issues in its Usage
	4 Conclusion
	References




