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ABSTRACT

Many industries around the globe are opting for environment-friendly and intelligent solutions. In
this regard, the materials and manufacturing sectors have also evolved beyond the fundamental
requirements for industrial applications by incorporating sustainable practices into their operations.
To promote carbon-neutral growth for sustainable production, green materials that can be reused
and recycled have gained significant importance. Previous work on material selection has relied on
parameters that either take crisp or ambiguous inputs. However, criteria based on the core concept
of sustainability, such as environmental considerations, require uncertain or indeterminate expert
assessments solved using single-valued neutrosophic sets (SVNSs). For this reason, sustainable material
selection necessitates the development of a unique framework to evaluate both crisp and ambiguous
data concurrently without losing any information. In this work, a novel integrated framework
combining method based on the removal effects of criteria (MEREC) and measurement alternatives
and ranking based on compromise solution (MARCOS) under the SVNSs environment is developed
to assist designers in solving real-time engineering problems, taking inputs from three decision-
makers. To demonstrate the applicability of the proposed framework, a case study for the material
selection of a lightweight aircraft wing spar is considered. The criteria assessment factors used for
the material selection are economic, structural, damage-tolerance, manufacturing, and environmental

Abbreviations: SVNSs, Single-Valued Neutrosophic Sets; MEREC, MEthod based on the Removal Effects of Criteria; MARCOS, Measurement Alternatives and
Ranking according to COmpromise Solution; TODIM, Interactive and multiple attribute decision making; COPRAS, COmplex PRoportional ASsessment
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impact. To underline the advantages of the proposed methodology, a comparative analysis is carried
out with distinct integrated frameworks. Furthermore, the findings of sensitivity analysis indicate that
the suggested technique is an effective, efficient, and practical decision-making tool. The excellent
correlation of the Spearman coefficient of the proposed approach with interactive and multiple
attribute decision making (TODIM) and complex proportional assessment (COPRAS) under SVNSs shows
the legitimacy of the obtained ranking. The material selection tool is practical because it is developed
using MATLAB and may be adapted to other applications with more criteria and alternatives.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Amid rising global warming concerns, environmental pollu-
tion, and resource shortages, the world is striving towards a
greener and more sustainable future by setting ambitious goals
to reduce greenhouse gas emissions.! The aviation industry is
the 17th largest contributor in terms of global GDP, which is
more than some of the G20 member countries and is responsible
for 2.1% of the global carbon dioxide production.? Therefore, in
October 2021, the aerospace sector pledged to achieve net-zero
CO, emissions as early as 2050 under the umbrella of the air
transport action group (ATAG).? Sophisticated infrastructures, ef-
ficient manufacturing operations, environment-friendly technolo-
gies, sustainable aviation fuels (SAFs), and strong governmental
support are groundbreaking measures in this domain [1,2]. For
example, the new efficient Airbus A380 aircraft burns around
3 liters of fuel for every 100 passenger kilometers. To further
improve the efficiency of flight operations through innovations
in infrastructural design and materials, the use of composites is
becoming increasingly common. However, we need to consider
the environmental impacts of materials on the planet and opt for
ethical material selection practices. In the post-COVID-19 time,
the aviation industry aims for a green recovery and sustainable
economic boom, which requires feasible pathways and methods
in a multitude of sectors. For instance, for sustainable production
supply chains, aircraft manufacturers approve materials that can
be reused or recycled at the product end of life (EoL) [3]. At
the same time, the manufacturing sector is condemning tradi-
tional practices and focusing on connectivity, the digital age,
artificial intelligence, and sustainability during the product life
cycle to make processes environment-friendly [4]. Owing to these
developments, the governments and international organizations
have also laid out policies regarding the circular economy, waste
material recycling, and energy-saving opportunities, emphasizing
the need for sustainable material selection in product design and
development.

For product design, physical objects are mostly coherent in
three critical areas: structural concepts, material selection, and
manufacturability. Material selection is an intrinsic relationship
between design specifications, including function, material,
shape, and process [5]. The large set of materials, including metals
and non-metals (estimated at around 80,000), poses a critical
challenge for decision-makers in selecting the most appropriate
material under the given constraints [6,7]. Typically, a number of

1 https://www.unido.org/our-focus- cross-cutting-services-green-industry/
green-industry-initiative

2 https://www.atag.org/facts-figures.html

3 https://aci.aero/2021/10/05/aviation-industry-unites-to-adopt-2050-net-
zero-carbon-goal

critical factors are determined while choosing a suitable mate-
rial for a specific application. For example, when designing and
manufacturing a mechanical system, mechanical properties such
as tensile strength, young’s modulus, fatigue; physical properties
such as density; thermal properties such as thermal expansion,
service temperature, and impact/fracture properties are com-
monly considered [8]. However, when the goal is sustainability,
additional parameters such as ease of manufacturing, recycla-
bility, fatigue, corrosion, and CO, emissions are also taken into
consideration.

Traditionally, decision-making methods based on the design
of experiment (DoE) concept were used to find an optimum
material. This methodology relied only on past user experience
and overlooked a large subset of potential materials [9,10]. On
the other hand, Researchers, including Ashby, provide standard
procedural steps for effective and efficient material selection,
with screening and ranking as the two most prominent steps [6,
11]. Ashby’s charts are often used to screen alternatives with
superior properties, followed by multi-criteria decision making
(MCDM) methods to systematically evaluate intricate and inter-
dependent problems with multiple actors, criteria, and conflict-
ing objectives [12]. Past researchers have extensively reviewed
the significance and applicability of the MCDM methods in the
context of material selection involving quantitative and qual-
itative criteria using simple, crisp inputs [13]. These include
technique for order of preference by similarity to ideal solution
(TOPSIS), multi-criteria optimization and compromise solution
(VIKOR) [14], preference ranking organization method for en-
richment evaluation (PROMETHEE-II) [15], complex proportional
assessment (COPRAS), evaluation of mixed data (EVAMIX) [7]
among others.

Designers or materials engineers experience problems where
the inputs are not well defined and have to rely on the judgments
of decision-makers. The decisions may generate imprecise or
uncertain information based on the varying degrees of exper-
tise levels, individual perceptions of the decision-makers, and
the complexity of the problem. In such cases, theories such as
fuzzy sets (FSs) [16], intuitionistic fuzzy sets (IFSs) [17], and
neutrosophic sets (NSs) [ 18] address the uncertainties during the
decision-making process. This study uses single-valued neutro-
sophic sets (SVNSs), a subset of NS developed by Wang et al.
built on the fundamental concept of aggregating a number of
inputs by multiple decision-makers into a single value [ 19]. SVNSs
have acquired significant relevance for real-time problem solving
since it also deals with indeterminacies or inconsistencies. Ma-
jumdar and Samanta presented similarity and entropy measures
of SVNSs [20]. Similarly, Karaaslan studied SVN Refined (SVNR)
sets based on Jaccard, Dice, and Cosine similarity measures [21].
Ye suggested a correlation coefficient of SVNSs followed by a
decision-making method under an SVN environment [22]. Garg
and Nancy gave new distance measures for SVNSs and inves-
tigated their relevance using extended TOPSIS [23]. Lu and Ye
devised SVN hybrid operators to aggregate a decision matrix in
an MCDM method [24]. Akram et al. applied the mathematical
concept of Lie algebras to SVN sets [25]. SVNSs have been suc-
cessfully used for real-time problem solving to achieve useful and
practical solutions for a wide range of applications [26,27].
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Nomenclature
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Description

Alternative

Crisp criteria

Ambiguous criteria

Decision-maker

Benefit criteria

Cost criteria

Number of alternatives

Number of criteria

Number of decision-makers

pth decision-maker

Crisp numerical value of alternative L;
over criteria R;, where T = (Fjj)nx, and
(i,j) € (m, n)

U Linguistic performance measure of al-
ternative L; over criteria G; for pth
decision-maker, where U = (F;® )mxn
and (i,j, p) € (m,n, )

NS TSI Ao R

A Aggregated-SVN-Decision matrix,
where A = (¥4),,,., and ¥;; = (t;;, iy, f)

S Score matrix, where S = S((¥;j))mxn

S Score function

2] Weight of pth decision-maker, where
wp>0and ), o, =1

w, Significance of pth decision-maker in
SVNNs, where W, = (tp, ip, fp)

w Criteria weights for MEREC

v Criteria weights for entropy

(] Criteria weights for CRITIC

Wine Variable incumbent weight ranging
fromOto 1

Winc Incumbent weight of selected criterion

n Normalized decision matrix for MEREC,
where 7 = (Nij)mxn

n Normalized extended decision matrix
for MARCOS, where 11 = (Nj)mxn

M; Overall performance of ith alternative

M; Overall performance of ith alternative
by removing jth criteria

E; Absolute deviation for jth criteria

Lip Ideal solution, where Lijp = F;

Ly Non-ideal solution, where Ly; = Fy

174 Weighted matrix, where V = (vj)mxn

S; Weighted sum matrix

Sip Weighted sum of an ideal solution

Sni Weighted sum of non-ideal solution

K; Utility degree

f(Ky) Utility function

Advancements in material technologies have allowed
decision-makers to consider sustainability as an indispensable
factor in the selection process [28]. In addition to material at-
tributes, environmental considerations play an essential role in
sustainable material selection [29]. Environmental factors re-
quire expert evaluations which are uncertain or indeterminate,
whereas material properties like density, yield strength, and
young’s modulus have defined numerical values obtained from
material databases, handbooks, and resource packs. Several stud-
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ies exist in the literature that consider material selection prob-
lems while attending to the uncertainties and indeterminacies of
the decision matrix through SVNSs. Zavadskas et al. attempted to
explore the potential of converting crisp input parameters into
single-valued neutrosophic numbers (SVNNs) to solve an MCDM
problem [30]. Likewise, Farid and Riaz solved the selection prob-
lem of a cryogenic tank by gathering inputs on criteria from the
decision-maker and subsequently applying the SVNS theory [31].
Although the prior studies demonstrate that SVNSs can be very
useful for selecting optimal materials, they are solely intended
to handle uncertain data obtained by qualitative judgments of
criteria. It overlooks an essential aspect of real-time material
selection, which involves employing crisp and defined quantita-
tive measurements, resulting in information loss and unreliable
results. Therefore, a more realistic approach is required that does
not compromise the material selection process by losing critical
information or the underlying structure of the data, either crisp
or indeterminate.

In continuation of published work, this research offers a novel
integrated framework combining method based on the removal
effects of criteria (MEREC) and measurement alternatives and
ranking based on compromise solution (MARCOS) under SVNSs
environment. The underlying goals and the objectives of this
study are:

(i) To propose a unique framework that concurrently ana-
lyzes crisp and imprecise or indeterminate input param-
eters, providing a more realistic approach to handling a
multi-criteria problem.

(ii) To solve a material selection problem of a lightweight air-
craft spar with conflicting objectives and mixed data types
using a novel integrated SVN-MEREC-MARCOS approach.

(iii) To use a new criteria weighting method MEREC in SVNSs,
which assesses the removal effects of criteria on perfor-
mances of the alternatives.

(iv) To identify the advantages of the proposed integrated
framework by comparing and validating the outcomes with
prior work.

The scope of this work is given as follows: Section 2 ex-
amines the literature on fuzzy-based material selection, SVNSs,
MEREC, MARCOS, and material selection of lightweight aircraft
spar while highlighting the research gaps, motivation, and major
contributions. Section 3 provides the preliminary definitions and
the mathematical operations used to solve SVNSs, followed by
the proposed methodology presented in Section 4. Section 5
details the application of the suggested technique to a real-time
problem of a lightweight aircraft spar, including a comparative
and sensitivity analysis. Finally, the research work is concluded
in Section 6.

2. Literature review
2.1. Material selection in fuzzy environment

In the literature, material selection in a fuzzy environment
is a profoundly researched topic. Researchers and scholars are
continually focusing their efforts on utilizing fuzzy-based ap-
proaches for addressing problems characterized by uncertainty
and ambiguity. For instance, Liao presented two fuzzy set theories
to represent uncertainty, type 1 fuzzy [32] and two interval
type 2 fuzzy [33], for solving the material selection problem of
a jet fuel system nozzle. Similarly, Celik et al. introduced the
fuzzy decision-making model based on trapezoidal numbers in
response to ambiguous inputs encountered in a material se-
lection problem of an automotive instrument panel [34]. Zoghi
et al. developed an MCDM framework combining Kano model,
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fuzzy analytical hierarchy process (FAHP) and fuzzy TOPSIS to
select suitable materials fulfilling design for deconstruction (DfD)
requirements [35]. Zindani et al. proposed an integrated fuzzy
approach using evaluation based on distance from average so-
lution (EDAS) for selecting an appropriate material used in sand
casting plate [36]. Vats and Vaish incorporated the VIKOR-based
fuzzy method for identifying an optimal piezoelectric ceramic
for transducer applications [37]. For aerospace cabin interior ap-
plications, Bhadra and Dhar applied fuzzy integrated AHP with
three MCDM methods, i.e., TOPSIS, EDAS and COPRAS to se-
lect natural fibers for fabricating polymer-based composites [38].
Rathod and Kanzaria [39] and Loganathan and Mani [40] pro-
posed fuzzy MCDM approaches to solve phase change material
(PCM) selection problems in an uncertain environment.

2.2. Single-valued neutrosophic sets (SVNSs)

The designers often come across instances where the required
data input is either incomplete, uncertain, imprecise, ambiguous,
or indeterminate. To deal with incomplete and uncertain data,
Zadeh pioneered the concept of FSs, where objects are defined
by membership degree (validity) - a single value between the
closed interval [0, 1] [16]. The inability of FSs to express a non-
membership degree inspired Atanassov to introduce IFSs, which
have a non-membership degree and hesitant degree in addition
to a membership degree [17]. Thus, IFSs are more applicable
and practical to use in real-time problem-solving. Conversely, in
scenarios where it is difficult to define the elements of IFSs using
a single value, Interval-Valued Intuitionistic Fuzzy Sets (IVIFSs)
were introduced by Atanassov and Gargov as an extension of
IFSs [41]. Some other theories of FSs include hesitant fuzzy sets
(HFSs) [42], interval-valued hesitant fuzzy sets (IVHFSs) [43], and
hesitant interval-valued intuitionistic fuzzy sets (HIVIFSs) [44], in
which the individuals are apprehensive about expressing their
preference regarding objects.

The existing theories of FSs have been widely explored to ad-
dress fuzziness in real-time problems; however, the inflexibility
of fuzzy sets to deal with indeterminate and inconsistent infor-
mation facilitated the use of NSs presented by Smarandache [18].
The notion of NSs is defined by three membership functions:
truthiness (T), falsity (F), and indeterminacy (I). Since there were
no restrictions on the summation of membership functions, NSs
could not be easily implemented in engineering or scientific
applications. Therefore, Wang et al. developed SVNSs, restricting
their sum so the elements must satisfy the condition 0 < Ty (g;)+
Iy (q;) + Fy (qi) < 3 [19]. Also, Ye introduced the simplified
neutrosophic sets (SNSs), a subclass of NSs characterized us-
ing three real numbers in the unit interval [0, 1] and proposed
aggregation operators of SNSs [45]. In addition, Wang et al. pre-
sented the theory of interval-valued neutrosophic sets (IVNSs),
defined set-theoretic operators, and established the convexity of
IVNSs [46].

Given the versatility of SVNS, the researchers paired it with
various MCDM methodologies, which emerged as an effective and
practical tool for handling complex engineering problems [47,
48]. For example, for evaluating food waste treatment methods
(FWTMs), Rani et al. employed the SVN framework in combi-
nation with criteria importance through intercriteria correlation
(CRITIC) and multi-objective optimization by ratio analysis with
the full multiplicative form (MULTIMOORA) [49]. Mishra et al.
implemented the concept of SVNS on subjective and objective
weight integrated approach (SOWIA) and weighted aggregated
sum product assessment (WASPAS) for sustainable biomass crop
selection [50]. Additionally, an integrated framework of CRITIC-
CoCoSo in the SVNS setting has been applied for choosing a
sustainable third-party reverse logistic provider (S3PRLP) in an
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electronic company [27]. Zavadskas et al. utilized SVNS with
multi-attribute market value assessment (MAMVA) for a market
evaluation of buildings [51] and WASPAS for incineration plant
site selection [52]. Veysi Bashan estimated risks in ship navigation
using the SVN-TOPSIS-based approach [53]. Despite the fact that
SVNSs find their application in various distinct fields, research in
real-time engineering problems concerning material selection is
scarce. For instance, the work of Farid and Riaz focused on the
use of the Einstein operator for material selection in the SVN con-
text [31]. Similarly, Edmundas et al. applied the SVN framework
with stepwise weight assessment ratio analysis (SWARA) and
MULTIMOORA for selecting materials used in the construction
of single-family houses [30]. Thus, this research work offers a
novel integrated SVN framework applied to a real-time material
selection problem of lightweight aircraft spar.

2.3. Group multi-criteria decision making (GMCDM)

GMCDM, an acronym for group multi-criteria decision making,
refers to the opinion aggregation of experts to rank the alter-
natives in a real-time multi-criteria problem and provide the
optimal solution. The GMCDM issue has attracted the attention
of many academics, and several methods have been proposed
in the literature concerning material selection under uncertainty.
For example, Girubha and Vinodh [54] and Gul et al. [55] devel-
oped decision support systems using trapezoidal fuzzy linguistic
VIKOR and PROMETHEE. Chen et al. proposed GMCDM frame-
works using basic uncertain linguistic information (BULI) em-
bedded with quality function deployment (QFD) and elimination
and choice translating reality (ELECTRE-III) [56], and improved
basic uncertain linguistic information (IBULI) with TOPSIS for
sustainable building material selection [57]. Kirisci et al. intro-
duced the novel Fermatean fuzzy ELECTRE method and merged
the experts’ opinions in a group decision-making process using
the Fermatean fuzzy aggregated averaging (FFAA) operator [58].
Unver et al. applied a fuzzy-COPRAS method in GMCDM [59].
Xue et al. [60] and Roy et al. [61] proposed group interval-
valued intuitionistic fuzzy (IVIF) frameworks based on multi-
attribute border approximation area comparison (MABAC) and
combinative distance assessment (CODAS). Also, Zavadskas et al.
developed IVIF-MULTIMOORA for use in group decision-making
in an uncertain environment [62]. Considering the generic nature
of SVNSs, researchers have proposed various GMCDM frame-
works and their applications in the SVNS context, summarized in
Table 1. However, there is little to no research on material selec-
tion utilizing SVNSs in group decision problems. Thus, this work
justifies the need to develop a mathematical approach to han-
dling complicated and unstructured material selection problems
of uncertainty in group decision-making.

2.4. Method based on the removal effects of criteria (MEREC)

For a given application, the relative importance of criteria is
appraised either objectively, subjectively, or a combination of
both [68]. Entropy and CRITIC are examples of objective weight-
ing methods most widely used in real-time applications [69,
70]. In contrast, MEREC is a new objective weighting method
suggested by Keshavarz-Ghorabaee et al. which assesses the cri-
teria weighting based on the exclusion perspective; thus, a cri-
terion has more weight when its removal significantly impacts
the aggregated performance [71]. Prashar et al. have applied
MEREC to compute objective weights for selecting a techno-
logically advanced delta robot [72]. Keshavarz-Ghorabaee used
MEREC to analyze the feasibility of warehouse sites for a lo-
gistic enterprise producing hygiene products [73]. A combined
MEREC-VIKOR approach by Sabaghian et al. finds its application
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Table 1

Recent applications of SVN-based GMCDM frameworks.
GMCDM framework Application Reference
SVN-COPRAS Sustainable transport investment project [47]
SVN-CRITIC-CoCoSo Sustainable third party reverse logistic provider [27]
SVN-SOWIA-ARAS Electric vehicle charging station [63]
SVN-SWARA-CoCoSo Renewable energy resource [64]
SVN-MEREC-MULTIMOORA Low carbon tourism strategy [48]
SVN-CRITIC-MULTIMOORA Food waste treatment method [49]
SVN-CoCoSo Waste recycling partner [65]
SVN-SOWIA-WASPAS Sustainable biomass crop [50]
SVN-DEMATEL-TODIM with QFD Market segment evaluation [66]
SVN-DEMATAL Building structural crack [67]

in problems regarding big data replication [74]. Mishra et al.
proposed a hybrid MEREC-MULTIMOORA framework with gen-
eralized Dombi operators in SVNS settings to assess low car-
bon tourism strategies (LCTSs) [48]. Goswami et al. used the
integrated MEREC-PIV technique to select the most appropriate
renewable energy source [75]. Rani et al. applied MEREC-ARAS
within the Fermatean fuzzy sets (FFSs) context for the selection of
food waste treatment technology [76]. Sapkota et al. used MEREC
to assign criteria weights and optimize the ultrasonic machining
(USM) process by selecting a quality hole [77]. Simi¢ et al. in-
troduced Fermatean fuzzy model, which hybridizes MEREC and
combined compromise solution (CoCoSo), taking into account the
COVID-19 Pandemic in Urban Transportation Planning [78]. Nico-
lalde et al. utilized MEREC with MCDM methods to evaluate phase
change materials on the vehicle rooftop [79]. Since MEREC has
been successfully employed in numerous real-time engineering
applications [80-82], therefore for the first time, MEREC under
the SVNS environment is integrated into a real-time material
selection problem to obtain criteria weights.

2.5. Measurement alternatives and ranking based on compromise
solution (MARCOS)

MARCOS is a newly proposed multi-criteria method by Stevié¢
et al. [83]. Based on the compromise solution, MARCOS mea-
sures the distance of alternatives from the ideal and non-ideal
solutions. Stevi¢ et al. also recognized the advantages of the
proposed method with the traditional MCDM techniques such
as MABAC, simple additive weighting (SAW), additive ratio as-
sessment (ARAS), EDAS, WASPAS, and TOPSIS through a case
study on healthcare industries. The model has proved to be flex-
ible in dealing with a large number of alternatives and criteria
while maintaining process stability. Additionally, it describes both
ideal and non-ideal solutions at the outset of generating the
initial decision matrix and compares alternate reference values
to both these solutions, allowing for a more accurate assessment
of the utility degree. Recent research has shown MARCOS to
be a viable decision-making tool for evaluating the performance
of alternatives against specific criteria [84,85]. Two distinctive
integrated frameworks, D-MARCOS and Grey-MARCOS, are pro-
posed to assist decision-makers in selecting suppliers in the iron
and steelmaking industries [86,87]. Torkayesh et al. applied the
Grey-MARCOS with best-worst method (BWM) based on geo-
graphic information system (GIS) [88]. Ulutas et al. suggested a
framework with correlation coefficient and the standard devia-
tion (CCSD), indifference threshold-based attribute ratio analysis
(ITARA), and MARCOS ([89]. Stevi¢ and Brkovi¢ evaluated hu-
man resources in a transport company using the full consistency
method (FUCOM) and MARCOS [90]. Pamucar et al. [91] and
Ecer et al. [92] employed MARCOS under neutrosophic fuzzy and
intuitionistic fuzzy environments. Some other hybrid methods
utilizing MARCOS with their applications are enlisted in Table 2.
However, the existing literature on the application of MARCOS for

material selection is limited to a few studies. Mondal et al. used
MARCOS with BWM to find the best material for a wind turbine
blade [93]. Similarly, Kumar et al. compared the outcomes of an
integrated BWM with fuzzy MARCOS to choose coating materials
for heat-treated industrial tools [94]. Varghese et al. used a hybrid
AHP-MARCOS model to select a sustainable gear material [95].
There is no study employing MARCOS under an SVN environment
for material selection; thus, this study fills the research gap by
applying the integrated framework to an aerostructure.

2.6. Material selection of lightweight aircraft spar

As a literature problem of mechanical design, many academics
have used the case of the wing spar of a lightweight aircraft
to select an optimal material using MCDM. Dehghan-Manshadi
et al. were the first to establish the applicability of the non-linear
normalization technique with the modified digital logic (MDL)
method on the material selection problem of a human powered
aircraft (HPA) spar [102]. Fayazbakhsh et al. demonstrated the
superiority of Z-transformation (Z-trans) normalization through
the MCDM wing spar problem [103]. The previous researchers
worked with traditional methods that relied on quantitative mea-
surements. However, considering qualitative criteria, Khabbaz
et al. presented fuzzy logic approach for an HPA spar, comparing
the results with the work of Manshadi [104]. Nevertheless, the
technique requires a large number of fuzzy IF-THEN rules. Con-
versely, Jahan et al. dealt with ordinal data involving user inter-
action with the linear assignment tool [105]. Jiao et al. employed
PROMETHEE to evaluate spar materials [106]. Fatchurrohman
et al. offered a hybrid method integrating QFD and AHP with the
concurrent network (CE-ANP) for spar material selection [107].
Kasaei et al. applied the concept of material indices, establishing
their inter-relationship using the house of quality (HoQ) matrix
to select optimum spar material [12]. Das et al. solved the mate-
rial selection problem of a spar by implementing a probabilistic
approach through the conditional logit (CLGT) technique [108].
Furthermore, Iman Shokr et al. developed an augmented com-
mon weight data envelopment analysis (ACWDEA) model based
on mathematical programming to rank candidate materials for
spar [109]. Thus, the literature review indicates a need to si-
multaneously evaluate mixed data types, i.e., quantitative, and
qualitative criteria, while considering the inputs from multiple
decision-makers without losing information.

2.7. Research gaps, limitations, motivations, and major contributions

Some of the research gaps and limitations of the previously
established techniques in the SVNS environment are as follows:

e In the context of material selection, SVNS is a rarely ex-
plored concept. The existing studies on the SVN-based mate-
rial selection deal with only one data type, i.e., ambiguous or
uncertain. In these studies [30,31], the authors either focus
on developing an assessment matrix with SVN information
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Table 2

MARCOS-based hybrid MCDM methods.
Hybrid MCDM method Application Reference
IT2F-BWM and IT2F-MARCOS Risk in dam construction [84]
IRN-BWM-MARCOS Offshore wind farms site [85]
IT2F-AHP-DEMATEL-MARCOS Failure analysis of CNC machines [96]
Fuzzy FUCOM-PIPRECIA-MARCOS Sustainable traffic management [97]
Rough PIPRECIA and fuzzy MARCOS Sustainable forestry firm [98]
LBWA and MARCOS ICT development in G7 countries [99]
IMF SWARA and fuzzy MARCOS Safety degree of road sections [100]
IFWA and IF-MARCOS Performance of insurance company [92]
FUCOM-F and SVNF-MARCOS Sustainable alternative fuel vehicle [91]
SVNF-MARCOS Hybrid electric vehicle [101]

using the inputs of a particular decision-maker or construct
the crisp decision matrix after evaluating all the criteria and
converting it into SVNNs.

e Myriad studies exist on the SVN-based GMCDM frame-
works [27,48,63,64]. However, the SVN-MCDM methods on
material selection [31] primarily rely on the judgment of
one decision-maker for assessing multiple alternatives and
criteria, which may lead to unreliable results. As a result,
complex real-time problems require developing a GMCDM
framework that aggregates the perspectives of multiple
decision-makers to produce accurate results.

e Although several approaches such as FSs [54,55,59] and
IVIFSs [60-62] have been explored in the past for solv-
ing group decision problems in material selection; yet, no
research exists for handling indeterminacy through neutro-
sophic sets in real-time situations.

e Past researchers have solved the wing spar case as a lit-
erature problem using MCDM methods involving quantita-
tive and qualitative criteria with simple, crisp inputs [102,
103,105-109]. However, these techniques cannot be ap-
plied to handle indeterminate, inconsistent, incomplete, and
uncertain data.

To address the limitations above, a novel GMCDM framework
with SVN information is proposed with the following motiva-
tions:

e In GMCDM problems, transforming linguistic variables (LVs)
into SVNNs generates significant information loss. Moti-
vated by it, this study proposes a unique framework that
reduces information loss in two ways: (1). For quantitative
criteria, it inculcates crisp values taken directly from com-
prehensive material databases (2). For qualitative criteria, it
aggregates the opinions of multiple experts at a time while
also catering to the indeterminacies and uncertainties in the
obtained data.

e In group decision making, direct assumptions of decision
makers’ weights with diverse levels of knowledge or provid-
ing the same weights to all decision-makers [91,110] may
lead to ambiguous conclusions. In light of this, it is crucial
to develop a method to accurately assess the importance of
decision-makers in a multi-criteria problem.

e MCDM approaches with crisp technical requirements were
the main focus of previous studies [102,103]. On the con-
trary, this study also embeds criteria from the sustainability
perspective requiring uncertain or indeterminate expert as-
sessment, emphasizing the need to evaluate mixed data
types.

e Previously, the traditional MARCOS method has been ap-
plied in various uncertain contexts [92,97-100], which mo-
tivates its extension under the SVNS environment.

Some of the significant contributions of this research work are
as follow:

e To propose a novel integrated SVN-MEREC-MARCOS frame-
work distinguished by its ability to simultaneously evaluate
crisp and ambiguous data without information loss.

e To implement the proposed framework into the material
selection of lightweight aircraft wing spar under SVNSs,
incorporating the technical requirements and the three key
pillars of sustainability (economic, environmental, and social
factors) into the selection criteria.

e To employ MEREC as a criteria weighting method for the
spar application and establish its merits with other objective
weighting methods such as CRITIC and entropy.

3. Preliminaries

The current section includes the underlying theory of SVNS,
which will be induced subsequently in the proposed methodology
for its implementation in real-time engineering problems.

Definition 1 ([18]). Let Q be a universal set consisting of elements
g; then a Neutrosophic Set (NS) denoted by N in Q is represented
as,

N = {(Ty(g)). Ux(a). (Fy(g))lgi € Q)

N can be categorized using the truth Ty(q;), indeterminacy I(q;),
and falsity Fy(q;) membership functions. Here, Ty(q;), I(q;), and
Fy(q;) signifies the degree of confidence, uncertainty, and skep-
ticism, respectively, while belonging to real standard or non-
standard subsets givenas T, I, F:Q — ]0~, 17[. The membership
functions are added without any restriction and are represented
by 0~ < Ty(qi) + Iy(qi) + Fy(q:) < 3*.

Definition 2 ([18,19]). Single-Valued Neutrosophic Set (SVNS) is
an extension to NS defined within a real subset of [0, 1] instead
of ]0~, 17[. Let C € Q denote an SVNS with truth tz(g;), inde-
terminacy ix(q;), and falsity fx(q;) as its membership functions, is
represented as,

C = {(te(g)), ie(a). (elai)lai € Q)

The sum of the membership functions in SVNS is restricted be-
tween 0 and 3 and must satisfy the relation, 0 < tz(q;) + iz(q;) +
fe(gi) < 3. A Single-Valued Neutrosophic Number (SVNN) is thus
represented as (tg, iz, fx).

Definition 3 ([18]). Let 9y = (t31, i31, fo1) and 92 = (t52, ip2, f32) be
two SVNNs and h > 0, then the 9; and 9, satisfies the following
basic mathematical operations,

01 = fo1, 1 — g1, ty1;

01 U 9 = (max{tys, ty2}, minfiyy, ipz}, min{fy1, fo2});
01 N & = (minftyq, ty2}, max{iy, ip2}, max{fs1, frz});
01 4 92 = (ty1 + ta2 — ta1ta2, ig1iaz, foifoz)s

01.02 = (tartaz, ip1 + lo2 — Bg1dn2, for + for — foifaz);
hdy = (1= (1= ta)", ig1", fn");



RS. Ul Haq, M. Saeed, N. Mateen et al.

o 0" =(ty", 1—(1—ip)", 1= (1—fo)")
o 01 C 0y, if ty1 < ty3, iy1 > iy and fy1 > foz;
e 01 = 0y, provided if 9; C 9, and 9, C 9.

Example 1. Let 9; = (0.80, 0.15, 0.20) and 3, = (0.30, 0.75, 0.70)
be two SVNNs and h = 2, then the following results are obtained.

e 3;° = (0.80,0.15,0.20° = (0.20,1 — 0.15,0.80) =

(0.20, 0.85, 0.80);

e 01Ud, =(max{0.80, 0.30}, min{0.15, 0.75}, min{0.20, 0.70})

= (0.80, 0.15, 0.20);

e 9;N3, =(min{0.80, 0.30}, max{0.15, 0.75}, max{0.20, 0.70})

= (0.30, 0.75, 0.70);

91 + 9, = (0.80, 0.15, 0.20) + (0.30, 0.75, 0.70) = (0.80+
e 0.30 — 0.80 x 0.30,0.15 x 0.75, 0.20 x 0.70) =
(0.86,0.11, 0.14);

1.0, = (0.80 x 0.30,0.15 4+ 0.75 — 0.15 x 0.75, 0.20
+0.70 — 0.20 x 0.70) = (0.24, 0.79, 0.76);

e hd; = (1—(1—0.80)2,0.15%, 0.202) = (0.96, 0.02, 0.04);
e 9" = (08021 — (1 — 0.15%1 — (1 — 0.207) =
(0.64, 0.28, 0.36).

Definition 4 ([49]). Let d = ({3, iy, fy) be an SVNN, then the score
function R = S(d) € [0, 1] used to deneutrosophy SVNN into a
single real number is given by,

Say 3t — 20— f

R = S(9) y (1)

Example 2. Let 9; = (0.80, 0.15, 0.20) be an SVNN, then the score
function is as follows:

3+0.80—(2x0.15)—0.20
4

=0.82

R=S(3) =

Definition 5 ([111]). Let 9; = (t;, i;, f;) be an SVNN; and w; =
(wy, wa, ..., wy) are the relative weights of 9; such that w; €
[0, 1] and Z}’Z] w; = 1. In that case, the SVN-weighted aver-
age (SVN-WA) operator used to aggregate data obtained from
multiple inputs is given as follow:

n n n

1= TTa =g Ty, T T

j=1 j=1 j=1

SUN—WA(d1, 8y, ..., 0n) =

(2)
4. Proposed method

A novel framework combining MEREC and MARCOS is pro-
posed to aid engineers and designers in selecting sustainable
materials against conflicting criteria under an SVN environment.
The SVN-MEREC-MARCOS approach offers flexibility to the de-
signers to simultaneously evaluate defined information in terms
of crisp values and ambiguous data in the form of LVs. The step-
wise procedure for the proposed SVN-MEREC-MARCOS approach
is given as follows.

Step 1 - Construct the combined Crisp-Decision Matrix (C-DM)
and SVN-Decision Matrix (SVN-DM)

At first, the decision matrix is constructed for ‘'m’ number of al-
ternatives {Li,Ly,...,Ln} over ’'n’ number of criteria
{R1,Ry,...;...,Gy_1,Gy} where R and G represent crisp and
ambiguous criteria, respectively. Then, a finite set of decision-
makers {D1, D,, ..., D;} with experience and knowledge in the
relevant domains assigns LVs to each alternative L; on considered
criteria G; where (i,j,p) € (m,n,r). Table 3 illustrates the
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combined decision matrix, where T = (Fj)mxn and U = (F;® )xn.
T represents the crisp values of alternative L; over criteria R;,
whereas U represents the linguistic performance measure of
alternative L; over criteria G; for pth decision-maker.

Step 2 - Analyze the weights () of Decision-Makers

The importance of decision-makers participating in the MCDM
process, owing to their acumen level in the SVNNs form ex-
pressed as W, = (t,,ip,fp), is analyzed by determining their
respective weights. The weight (@) for the pth decision-maker
is computed using Definition 4,

346, — 20—,
oo B+t — 20— f]
Where, w, > 0and ), _, @, = 1.

Step 3 - Aggregate the individual SVN-Decision Matrix (A-SVN-
DM)

A number of decision-makers are involved in the MCDM pro-
cess. Therefore, an aggregated value for the criteria G; is required
to embody the opinions of all the decision-makers in SVNNs.
Let A = (¥j)mxn Tepresents the aggregated-SVN-decision matrix
(A-SVN-DM), computed using the SVN-WA operator given in
Definition 5.

¥ = (l’ij, lu,ﬁ]) = SVN — WAw(¥,‘j(1), ¥,‘j(2), Ce ¥ij(r))
= (] - l—[;:l(] — t;)7P, l_lzzl(iij)w”, H;ryzlmj)wp)

Step 4 - Formulate the Score matrix using A-SVN-DM
Using the score function, the score matrix (S) is created from
A-SVN-DM. Let S = § ((¥i))mxn represents the score matrix
computed using Definition 4, given as
_ 34t =2

S0¥y) = L~ (5)

(3)

ZD'p ==

(4)

Step 5 — Assign Criteria weights through MEREC

a. Construct the Decision Matrix with Crisp inputs

The deneutrosophication of SVNNs generates crisp values;
hence the combined decision matrix contains only definite per-
formances of 'm’ alternatives over 'n’ criteria. The combined
decision matrix for weight estimation through MEREC is given
in Table 4.

b. Normalize the Decision Matrix
The decision matrix is normalized using simple linear func-
tions for cost and benefit criteria as given below,

min Fj;
- I, ifjeB
n= (Nij)mxn = Fll (6)
L. ifjecC
max Fj;

Where B and C represent the beneficial and cost criteria, respec-
tively.

c. Compute the Overall performance
MEREC utilizes a non-linear function to compute the overall
performance of each alternative M; by,

1
Mi=In|1+ EZ\ln(mj)\ (7)
]

Smaller values in the normalized decision matrix (n) signifi-
cantly impact the performance when computed using a logarith-
mic function.

d. Evaluate performance based on removing criteria
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Table 3
Combined decision matrix.
Ry R, Gn1 G
(1) 2) (r) M @ (r)
b P R e e BgeoRen BBy
T T
L Fy Fxn Fz(({; 'F2<(z’5’1 "F2<(T’” Fz(’l') FZ&) ..... Fz(n)
T T
Ls F3 F3, F3(n—1)‘F3(n—1)’""F3(n—1) F3n F3n ~~~~~ F3r1
Ln Fm1 Frna Frino1y Fxtntys -+ Fan1) Fot Fn - Fim
Table 4
Combined decision matrix with crisp inputs. c. Obtain the Weighted Matrix
Ry R Gt Gn By multiplying the normalized decision matrix 11 with the final
Ly Fiy Fi Fin-1) Fim) criteria weights wj, the weighted matrix V is obtained. Let V =
Ly F Fxn Fyn-1) Fom) (vif) then
Ls F31 F3, F3n-1) F3n) gsmxt
e e e e e P X .
Lin Fun Fa Funtn—1) Fontn) vij = Njj X o (14)
d. Summation of Weighted Matrix
Table5 _ The weighted sum of the matrix is obtained using Eq. (15),
Extended decision matrix.
Rl RZ Gn—l Gn S» m 15
— Vi
Lyt Fni Fnz Frn-1) Fnn) ! Z y (15)
Ly F F1z Fin-1 Fi(n) i=1
Ly Fy Fx Fyn-1) Fyn) . .
L3 F3 Fs, F3n—1) Fa(n) e. Determine the Utility Degree
e e e e e The utility degree K; of an alternative with respect to ideal and
L Fm Finz Fingn—1) Fonn non-ideal solutions is determined using (Eq. (16)) and (Eq. (17)).
Lip Fq Fp2 Fin-1) Fin)

The overall performance of an alternative by removing each
criterion Mijf is governed by (Eq. (8)),

) 1
Mj=In[1+ EZ““(W”
k. kAj

(8)

e. Estimate absolute deviations for criteria
The absolute deviations E; are estimated and summed using
the formula given in (Eq. (9)),

E =" |M;— M (9)
i
f. Determine the final weights
The final weights w; are determined as
Ej
wj = (10)
Zj Ej

Step 6 - Calculate Performance indices using MARCOS

a. Extend the Decision Matrix

The decision matrix in Table 4 is extended by incorporating
ideal (Lpp) and non-ideal (Ly;) solutions, given Table 5.

Where Ljp and Ly; are governed by,

. |maxF;, ifjeB

L’D_F’_{minF,j, ifjeC (1)
. _ |minF;, ifjeB

by =Fv = {maxFij, ifjecC (12)

b. Normalize the Extended Decision Matrix
The extended decision matrix is normalized using (Eq. (13)),

F..

n= (Nij)mxn = F; (13)
—, ifjeC
F;

-

S‘

K=~ (16)
Sip
é

K = — (17)
Sni

Where Sjp and Sy; are the weighted sums of ideal and non-ideal
solutions, respectively.

f. Compute the Utility Function
The utility function f(K;) corresponding to the final perfor-
mance index of an alternative is computed using,

K + K~
fK) = - HEK,-*) llff(Kl_,) (18)
fuGh) FG)
Where,
K
fIKH) = m (19)
and
fK) = L, (20)
K + K;

5. Case study: Material selection of a lightweight aircraft spar

To demonstrate the applicability of the proposed SVN-MEREC-
MARCOS framework (see Fig. 1), a real-time sustainable ma-
terial selection problem of a lightweight aircraft wing spar is
considered.

Using Ashby’s charts and expert advice, 17 candidate materials
are shortlisted for the wing spar application, then analyzed using
the SVN-MEREC-MARCOS framework (see Table 6). The selected
materials represent all classes, including Metal Matrix Compos-
ites (MMCs), Polymer Matrix Composites (PMCs), Ceramic Matrix
Composites (CMCs), Al-alloys, Ti-alloys, and Beryllium.

The critical design requirements are translated into eleven
criteria based on expert input and available literature (see Fig. 2),
which are: price (Ry), density (R;), Young’s modulus (R3), tensile
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Fig. 1. Proposed novel SVN-MEREC-MARCOS framework for sustainable material selection of Lightweight aircraft spar.

strength (R4), compressive strength (Rs), fracture toughness (Rg),
creep resistance (Gy), fatigue resistance (G, ), machinability (Gs),
recyclability (G4), and carbon footprint during manufacture (Gs).
All criteria except Ry, Ry, G3, and Gs are beneficial and hence
maximized. Table 7 compares the criteria used in this research
work with previous MCDM studies on the wing spar.

5.1. Application of SVN-MEREC-MARCOS framework

Steps 1 and 2

For the implementation of the proposed method, three differ-
ent decision-makers (D1, D,, D3) from academia (Air University,
Kamra) and industry (Pakistan Aeronautical Complex, Kamra) are



RS. Ul Haq, M. Saeed, N. Mateen et al.

Applied Soft Computing 128 (2022) 109546

Criteria Assessment for Selecting Best Material
for Lightweight Aircraft Spar
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L (Gy)

= Al65%AL0, (L) *A17068-T6511 (L,) *Al17255-T7751 (L)

= Ti—20%TiC (L,;) = Ti—6A1-28n—-2Zr-2Mo (L;5)

= BMlI/carbon fiber, woven (L) = Carbon/carbon fiber (L;) = Cyanate ester/carbon fiber, UD (Lg) = Epoxylcarbon fiber, UD (Ly)
= Epoxy/carbon fiber, woven (L)) = Mg(+2%AD-30%graphite (L,;) = PEEK/carbon fiber, UD (L;,) = Polyimide/carbon fiber, woven (L;;)

= Beryllium, grade 1-250 (1) =+ BMI/carbon fiber, UD (Ls)

=Ti~6AI-4V (Ls) = Ti-10V-2Fe-3Al (L,;)

Fig. 2. Selection of criteria in the hierarchical framework.

asked to assess the material selection problem of a wing spar hav-
ing 17 candidate materials and five criteria (G, G;, G3, G4, G5) un-
der SVNSs environment (see Table 8). The significance of decision-
makers in a given problem is determined using LVs converted
into SVNNs describing their expertise level, a technique adapted
from Rani et al. [49] in conjunction with Dreyfus et al. [112]
skill acquisition model, as given in Table 9. The skill level of
each decision-maker involved in the material selection process is
shown in Table 10, with their respective weights calculated using
Eq. (3).

Example calculation of the weight of D, using Eq. (3) is given
as follows:

345 -2ip—f
L Bt~ 2 )
34 0.80—2(0.25)—0.20

~ I3+ 0.80—2(0.25)-0.20] + [3 + 0.60—2(0.35)—0.40] + [3 + 0.40—2(0.55)—0.55]
=0.4218

wp

Similarly, for evaluating the alternatives over considered cri-
teria, Zavadskas et al. [30] and Mishra and Rani [27] suggested
a method for transforming LVs (or crisps terms) into SVNNs
with the rules provided in Table 11. As a result, an SVN-DM is
formulated by the decision-makers linguistically for alternative
L; over criteria G;.

For each alternative (L1, Ly, ..., L17), the crisp values for crite-
ria (R, Ry, ..., Rg) are obtained from the software package Cam-
bridge Engineering Selector to construct C-DM. Table 12 displays
the combined decision matrix with C-DM and SVN-DM.

Steps 3 and 4

The opinions of decision-makers involved in creating SVN-DM
are aggregated to form A-SVN-DM using Eq. (4), as shown in
Table 13. Subsequently, the combined decision matrix containing
the crisp score values of A-SVN-DM (formulated using Eq. (5)) and
C-DM is represented in Table 14.

Step 5

In this step, MEREC is used to assess the criteria weights
for lightweight aircraft spar. At first, the combined decision ma-
trix with crisp inputs in Table 14 is normalized using Eq. (6)

10

Table 6
Lightweight aircraft spar candidate materials. (See Supplementary Information
for a complete overview of screened-out materials).

Spar candidate materials

Al-65%Al1,05 (Lq) Epoxy/carbon fiber, woven (Lyg)

Al 7068-T6511 (L) Mg(+2%Al)-30%graphite (Lq1)

Al 7255-T7751 (L) PEEK/carbon fiber, UD (L;3)
Beryllium, grade 1-250 (L) Polyimide/carbon fiber, woven (L;3)
BMl/carbon fiber, UD (Ls) Ti-20%TiC (L14)

BMI/carbon fiber, woven (Lg) Ti-6A1-2Sn-2Zr-2Mo (L;5)
Carbon/carbon fiber (L) Ti-6A1-4V (Lqg)

Cyanate ester/carbon fiber, UD (Lg) Ti-10V-2Fe-3Al (Lq7)
Epoxy/carbon fiber, UD (Lg)

while considering the cost and benefit criteria separately (see
Appendix A, Table A.1). Then, the overall performance of the
alternatives M; is computed using Eq. (7). Next, the impact of the
removal of each criterion on an alternative’s performance M; is
assessed using Eq. (8), as given in Table A.2 (Appendix A). Finally,
using Egs. (9)-(10), the absolute deviation E; and final weights w;
for criteria are calculated, as presented in Table 15.

Step 6

The final step of the SVN-MEREC-MARCOS framework is to
rank the alternatives based on their performance indices using
MARCOS. Firstly, the combined decision matrix in Table 14 is
extended by incorporating ideal and non-ideal solutions, nor-
malized using Eq. (13), as given in Table A.3 (Appendix A). The
normalized matrix 1 is multiplied by MEREC criteria weights
wj to get the weighted extended decision matrix V (see Ap-
pendix A, Table A.4). Using Egs. (15)-(20), the values of S;, K,
Ki*, f(K), and f (Ki*) are computed to obtain the performance
index of an alternative f(K;), as shown in Table 16. The optimal
choice is the one that has the highest performance index. Thus,
it is inferred that Al 7255-T7751, Al 7068-T6511, and Ti-6Al-
4V are the top-ranked alternatives for spar application using the
SVN-MEREC-MARCOS framework.
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Table 7
Criteria assessment for material selection in Lightweight aircraft spar.
MCDM methods This Improved Z-trans Fuzzy Ordinal ~ CoNQA QFD CLGT
work WPM Logic data
Year (2007) (2009) (2009) (2010) (2012) (2014) (2019)
Reference [102] [103] [104] [105] [106] [107] [108]
Class Environment? Criteria Criteria included in literature
(This work)
Economic Normal Price (R;) v v v v v v v v
Density (Ry) v v v v v v v v
Normal Young’s modulus (R3) v v v v v v v v
Structural Tensile strength (R4) v v v v v v v v
Compressive strength (Rs) v v v v v v v v
SVN Creep resistance (Gy) v v v v v v v v
Fatigue resistance (G,) v
Damage tolerance Normal Fracture toughness (Rg) v
Manufacturing SVN Machinability® (G3) v
Environmental Recyclability (G4) v v
impact SVN
(Greenhouse and Carbon footprint during v

other emissions) manufacture (Gs)

2The previous work on spar only considers criteria under normal or fuzzy environments.
bMachinability is defined here as a material property, not a measure of cutting speed or tool life.

Table 8

Credentials of decision-makers participating in the case study of the wing spar.

Decision-makers Experience

Occupation

D, 15 years of industrial experience

D, More than 10 years of academic
theoretical knowledge

D3 5-7 years of industrial experience

Chief Project Director at
Aircraft Manufacturing Factory

Head of Department of
Structures and Materials

Design Engineer at Aircraft
Manufacturing Factory

Table 9

The LVs developed from the Dreyfus skill ac-
quisition model to signify the importance of
decision-makers.

LVs/ Crisp terms

SVNNs

Expert/ 0.9
Proficient/ 0.8
Competent/ 0.6

(0.90, 0.10, 0.10)
(0.80, 0.25, 0.20)
(0.60, 0.35, 0.40)

Advanced Beginner/ 0.4 (0.40, 0.55, 0.55)

Novice/ 0.2 (0.20, 0.75, 0.80)

Table 10

Decision-makers and their significance in the material selection process.
Decision-makers LVs SVNNs Weights

Wp = (tp, ipsfp) Wp

D, Proficient (0.80, 0.25, 0.20) 0.4218
D, Competent (0.60, 0.35, 0.40) 0.3401
D3 Advanced beginner (0.40, 0.55, 0.55) 0.2381

5.2. Merits of MEREC

To thoroughly investigate the merits of the developed SVN-
MEREC-MARCOS framework, the scope of this study is further en-
hanced by considering other integrated MCDM frameworks that
use entropy and CRITIC as objective criteria weighting methods.

These techniques include SVN-entropy-MARCOS and SVN-
CRITIC-MARCOS, which follow the same procedural steps 1-4
and 6 as given in the proposed method. In addition, step 5,
which assesses the criteria weights using the entropy and CRITIC
method, is given in the Supplementary Information.

Table 17 shows the criteria weights based on entropy and
CRITIC. Subsequently, the ranks of the alternatives computed

11

Table 11
The LVs transformed into SVNNs to evaluate alternatives
over considered criteria.

LVs/ Crisp terms

Extremely High (EH)/ 1.0
Very Very High (VVH)/ 0.9
Very High (VH)/ 0.8

High (H)/ 0.7

Moderate High (MH)/ 0.6

SVNNs

(1.00, 0.00, 0.00)
(0.90, 0.10, 0.10)
(0.80, 0.15, 0.20)
(0.70, 0.25, 0.30)
(0.60, 0.35, 0.40)

Fair (F)/ 0.5 (0.50, 0.50, 0.50)
Moderate Low (ML)/ 0.4 (0.40, 0.65, 0.60)
Low (L)/ 0.3 (0.30, 0.75, 0.70)

Very Low (VL)/ 0.2
Very Very Low (VVL)/ 0.1
Extremely Low (EL)/ 0.0

(0.20, 0.85, 0.80)
(0.10, 0.90, 0.90)
(0.00, 1.00, 1.00)

using the procedural steps of SVN-entropy-MARCOS and SVN-
CRITIC-MARCOS frameworks are given in Fig. 3.

5.3. Comparative analysis

The proposed SVN-MEREC-MARCOS is compared with existing
models like SVN-TOPSIS [27], SVN-MULTIMOORA [30], and other
hybrid techniques such as COPRAS [7], TOPSIS [14], VIKOR [113],
CLGT [108], Interactive and multiple attribute decision making
(TODIM) [114], and PROMETHEE-II [15] for its validation (see
Fig. 4). The aluminum alternatives L, and L3 are the top-ranked
alternatives by the proposed method and COPRAS. However, with
the other considered methods like TOPSIS, VIKOR, and CLGT, the
top-ranked alternatives even drop up to 13th position, which
contradicts its broader applicability in the aerospace industry. All
these methods ranked titanium alternatives Lis, Lig, and L7 as
the best candidates for spar application.
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Table 12
The combined decision matrix with C-DM and SVN-DM for Lightweight aircraft spar.
Ry R, R; Rs Rs Rs Gy G, Gs Gs Gs
Ly 8500 3400 251 1600 1700 105 (H,MH,H) (VH,EH,H) (VLELEL) (EL,VLEL) (VVLVLEL)
L, 4.48 2850 73 648 655 17.8 (FF,MH) (VLVLML) (LVVL,VVL) (MH,H,H) (VLVLVVL)
Ls 451 2860 72.8 627 607 26.4 (F,F,MH) (FLF) (LVVL,VVL) (MH,H,H) (VLVLVVL)
Ly 660 1860 302 480 500 9 (VVH,VVH,VH) (EH, MH, VVH) (EH,EH,EH) (FMH,F) (EH,EH,EH)
Ls 115 1610 59.8 430 420 5 (MLML,F) (VVLVVLL) (H,VH,ML) (VVLLVVL) (VH,H,VH)
Lg 172 1570 51.3 353 438 22 (MLML,F) (VVH,LVH) (H,VH,ML) (VVLLVVL) (VH,H,VH)
Ly 228 1720 94.9 479 223 5.7 (EH, EH, EH) (EL,ELVVL) (MH,MH,L) (ELVLEL) (H,MH,H)
Lg 235 1670 108 607 317 27.7 (VL,L,ML) (VH,F,VH) (H,VH,L) (VVLLVVL) (VH,H,VH)
Ly 416 1580 54.7 603 542 12.1 (VVLLL) (VVLVVLL) (H,VH,ML) (VVLLVVL) (VH,H,VH)
Lo 58.7 1610 462 450 470 32.4 (VLLLL) (VH,ML,VH) (HH,L) (VVLLVL) (H,MH,H)
Liq 166 1860 89 650 650 10 (H,MH,H) (ML,LF) (FVLVVL) (ML,F,ML) (MLF,F)
Ly 120 1570 56.6 460 363 26.5 (VVLML,L) (VH,ML,VH) (VH,VVH,MH) (VVL,LVVL) (VH,H,VH)
L3 159 1630 439 465 400 326 (LMLF) (VH,ML,VH) (VH,VVH,MH) (VVLLVVL) (VH,H,VH)
Lig 145 4580 148 943 950 18.4 (VH,VH,VVH) (ML,EF) (H,FML) (H,VH,EH) (MH,LML)
Lis 27.1 4550 117 933 933 64 (VVH,VVH,VVH) (H,VH,MH) (MH,VL,L) (VVH,VH,VVH) (ML,LVL)
Lig 26.2 4430 115 1020 1100 82 (VH,VH,VVH) (VH,VVHH) (H,LML) (VVH,VH,VVH) (MH,LML)
L7 28.1 4670 113 1000 1060 54 (VH,H,VVH) (VVH,VVH,VH) (VVH,MLH) (VH,VH,VH) (VH,ML,MH)
Table 13
The individual A-SVN-DM for material selection of Lightweight aircraft spar.
G1 Gy G; Gy Gs
Ly (0.669, 0.280, 0.331) (1.000, 0.000, 0.000) (0.090, 0.934, 0.910) (0.073, 0.946, 0.927) (0.113, 0.905, 0.887)
L (0.526, 0.459, 0.474) (0.253, 0.797, 0.747) (0.191, 0.833, 0.809) (0.661, 0.288, 0.339) (0.177, 0.862, 0.823)
L (0.526, 0.459, 0.474) (0.439, 0.574, 0.561) (0.191, 0.833, 0.809) (0.661, 0.288, 0.339) (0.177, 0.862, 0.823)
Ly (0.882, 0.110, 0.118) (1.000, 0.000, 0.000) (1.000, 0.000, 0.000) (0.537, 0.443, 0.463) (1.000, 0.000, 0.000)
Ls (0.425, 0.611, 0.575) (0.152, 0.862, 0.848) (0.692, 0.264, 0.308) (0.174, 0.846, 0.826) (0.770, 0.178, 0.230)
Lg (0.425, 0.611, 0.575) (0.771, 0.219, 0.229) (0.692, 0.264, 0.308) (0.174, 0.846, 0.826) (0.770, 0.178, 0.230)
Ly (1.000, 0.000, 0.000) (0.025, 0.975, 0.975) (0.543, 0.420, 0.457) (0.073, 0.946, 0.927) (0.669, 0.280, 0.331)
Lg (0.286, 0.764, 0.714) (0.727, 0.226, 0.273) (0.680, 0.273, 0.320) (0.174, 0.846, 0.826) (0.770, 0.178, 0.230)
Ly (0.222, 0.810, 0.778) (0.152, 0.862, 0.848) (0.692, 0.264, 0.308) (0.174, 0.846, 0.826) (0.770, 0.178, 0.230)
Lo (0.222, 0.810, 0.778) (0.709, 0.247, 0.291) (0.633, 0.325, 0.367) (0.197, 0.834, 0.803) (0.669, 0.280, 0.331)
L (0.669, 0.280, 0.331) (0.395, 0.641, 0.605) (0.325, 0.689, 0.675) (0.436, 0.595, 0.564) (0.460, 0.559, 0.540)
Ly (0.261, 0.771, 0.739) (0.709, 0.247, 0.291) (0.814, 0.160, 0.186) (0.174, 0.846, 0.826) (0.770, 0.178, 0.230)
L3 (0.387, 0.649, 0.613) (0.709, 0.247, 0.291) (0.814, 0.160, 0.186) (0.174, 0.846, 0.826) (0.770, 0.178, 0.230)
Lig (0.830, 0.136, 0.170) (0.460, 0.559, 0.540) (0.579, 0.397, 0.421) (1.000, 0.000, 0.000) (0.467, 0.526, 0.533)
Lis (0.900, 0.100, 0.100) (0.720, 0.228, 0.280) (0.421, 0.567, 0.579) (0.873, 0.115, 0.127) (0.323, 0.727, 0.677)
Lis (0.830, 0.136, 0.170) (0.826, 0.148, 0.174) (0.528, 0.456, 0.472) (0.873, 0.115, 0.127) (0.467, 0.526, 0.533)
Ly7 (0.805, 0.162, 0.195) (0.882, 0.110, 0.118) (0.761, 0.235, 0.239) (0.800, 0.150, 0.200) (0.657, 0.302, 0.343)
Table 14
The crisp inputs of combined decision matrix with C-DM and A-SVN-DM for Lightweight aircraft spar.
Ry Ry Ry Ry Rs Rg G Gy Gy Gs Gs
Ly 8500 3400 251 1600 1700 105 0.694 1.000 0.078 0.063 0.104
L, 4.48 2850 73 648 655 17.8 0.533 0.228 0.179 0.687 0.158
L3 451 2860 72.8 627 607 26.4 0.533 0.433 0.179 0.687 0.158
Ly 660 1860 302 480 500 9 0.886 1.000 1.000 0.547 1.000
Ls 115 1610 59.8 430 420 5 0.407 0.145 0.714 0.164 0.796
Lg 172 1570 513 353 438 22 0.407 0.776 0.714 0.164 0.796
Ly 228 1720 94.9 479 223 5.7 1.000 0.025 0.562 0.063 0.694
Lg 235 1670 108 607 317 27.7 0.261 0.750 0.704 0.164 0.796
Ly 416 1580 54.7 603 542 12.1 0.206 0.145 0.714 0.164 0.796
Lio 58.7 1610 46.2 450 470 324 0.206 0.731 0.654 0.181 0.694
L1y 166 1860 89 650 650 10 0.694 0.377 0.318 0.421 0.451
Ly 120 1570 56.6 460 363 26.5 0.245 0.731 0.827 0.164 0.796
Li3 159 1630 439 465 400 326 0.369 0.731 0.827 0.164 0.796
Lig 145 4580 148 943 950 184 0.847 0.451 0.591 1.000 0.471
Lis 27.1 4550 117 933 933 64 0.900 0.746 0.427 0.879 0.298
Lig 26.2 4430 115 1020 1100 82 0.847 0.839 0.536 0.879 0.471
Li7 28.1 4670 113 1000 1060 54 0.822 0.886 0.763 0.825 0.678
Table 15
The absolute deviation E; and criteria weights w; using MEREC.
R1 R2 R3 R4 R5 R5 G] Gz G; G4 G5
E; 4558 0.707 0.637 0.498 0.822 1.209 0.817 2.735 0.613 1314 0.580
j 0.315 0.049 0.044 0.034 0.057 0.083 0.056 0.189 0.042 0.091 0.040

Spearman’s Rank Correlation Coefficient (SRCC) shows that
the proposed method strongly correlates with TODIM (0.92) and
COPRAS (0.86). However, the correlation reduces to 0.77, 0.71,

0.71, and 0.70 in the case of PROMETHEE-II, SVN-TOPSIS, SVN-
MULTIMOORA, and CLGT. Moreover, the proposed method has the
lowest correlation with VIKOR (0.60) and TOPSIS (0.58), which

12
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Table 16
Performance indices f(K;) and Ranking.
Si K K" fK) fKH) fK) Rank

Ly 0.073 1.000 0.073 0.068 0.932 0.073

Ly 0.477 6.572 0.477 0.068 0.932 0.475 6
L, 0.586 8.077 0.586 0.068 0.932 0.583 2
Ls 0.629 8.671 0.629 0.068 0.932 0.626 1
Ly 0.419 5.776 0.419 0.068 0.932 0.417 7
Ls 0.172 2.370 0.172 0.068 0.932 0.171 16
Lg 0.303 4.179 0.303 0.068 0.932 0.302 10
Ly 0.167 2.298 0.167 0.068 0.932 0.166 17
Lg 0.301 4.141 0.301 0.068 0.932 0.299 12
Lo 0.197 2.720 0.197 0.068 0.932 0.197 15
Lio 0314 4.322 0314 0.068 0.932 0.312 9
L1 0.276 3.810 0.277 0.068 0.932 0.275 14
Ly 0.294 4.046 0.294 0.068 0.932 0.292 13
L3 0.302 4.157 0.302 0.068 0.932 0.300 11
Lig 0.357 4914 0.357 0.068 0.932 0.355 8
Lis 0.495 6.823 0.495 0.068 0.932 0.493 4
Lig 0.531 7.313 0.531 0.068 0.932 0.528 3
Ly7 0.494 6.802 0.494 0.068 0.932 0.491 5
Lip 1.000 13.778 1.000 0.068 0.932 1.000

Table 17
Entropy ¥; and CRITIC @; weights.

Ry R R3 R4 Rs Rs Gy Gy Gs Gy Gs
v; 0.079 0.103 0.086 0.105 0.096 0.070 0.101 0.091 0.101 0.066 0.100
b; 0.153 0.112 0.039 0.045 0.116 0.119 0.078 0.096 0.089 0.063 0.089
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SVN-CRITIC-
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MARCOS MARCOS MARCOS
Al-65%Al,0;3 (L1) 6 il 1
Al 7068-T6511 (L,) 2 4 6
Al 7255-T7751 (Ls) 1 2 4
Beryllium, grade 1-250 (Ls) 7 7 7
BMl/carbon fiber, UD (Ls) 16 17 17
BMI/carbon fiber, woven (Ls) 10 12 11
Carbon/carbon fiber (L7) 17 16 15
Cyanate ester/carbon fiber, UD (Ls) 12 13 10
Epoxy/carbon fiber, UD (Lg) 15 15 16
Epoxy/carbon fiber, woven (Lio) 9 10 13
Mg(+2%Al)-30%graphite (L.1) 14 9 9
PEEK/carbon fiber, UD (L;,) 13 14 14
Polyimide/carbon fiber, woven (Li3) alil 11 12
Ti-20%TiC (L1a) 8 8 8
Ti-6Al1-2Sn-2Zr-2Mo (Lys) 4 5 3
Ti-6AI-4V (Lys) 3 3 2
Ti-10V-2Fe-3Al (L17) 5 6 5

Fig. 3. Comparison of the proposed method with SVN-CRITIC and SVN-entropy.
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Spearman's Rank Correlation Coefficient (SRCC)
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Fig. 4. SRCC of the proposed and extant methods.
Table 18
New criteria weights for 11 scenarios.
Scq Scy SC3 Scy SC5 SCG Sc; SCg SCQ SC]O Sciq
Ry 0.388 0.349 0.310 0.271 0.233 0.194 0.155 0.116 0.078 0.039 0.001
R, 0.061 0.055 0.049 0.043 0.037 0.031 0.025 0.018 0.012 0.006 0.000
R3 0.054 0.049 0.043 0.038 0.032 0.027 0.022 0.016 0.011 0.005 0.000
R4 0.042 0.038 0.034 0.030 0.025 0.021 0.017 0.013 0.008 0.004 0.000
Rs 0.070 0.063 0.056 0.049 0.042 0.035 0.028 0.021 0.014 0.007 0.000
Re 0.103 0.093 0.082 0.072 0.062 0.051 0.041 0.031 0.021 0.010 0.000
G 0.070 0.063 0.056 0.049 0.042 0.035 0.028 0.021 0.014 0.007 0.000
G 0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 0.998
Gs 0.052 0.047 0.042 0.036 0.031 0.026 0.021 0.016 0.010 0.005 0.000
Ga 0.112 0.101 0.089 0.078 0.067 0.056 0.045 0.034 0.022 0.011 0.000
Gs 0.049 0.044 0.039 0.035 0.030 0.025 0.020 0.015 0.010 0.005 0.000
S W; 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

may be attributed to the mathematical differences [110] between
these methods.

5.4. Sensitivity analysis

MCDM frameworks take hybrid inputs, which may be impre-
cise and subject to change; hence it is necessary to evaluate and
analyze the potential changes in the model with respect to chang-
ing inputs. In this work, the sensitivity analysis is performed by
altering the weight of a criterion while keeping all the other
criteria weights proportionally constant. Based on Kirkwood's
theory [115], the criterion chosen is the incumbent weight (Wic)
and varies from O to 1. Attribute weights for the rest of the criteria
are calculated using Eq. (21),

)

In this study, the most significant criteria identified based
on their weights are Ry (wg, = 0.3146) and G, (wg, = 0.1887).
However, G, is selected as the incumbent weight to analyze the
model’s sensitivity under the SVNS environment. So, the limit
values of the G, criterion are —0.1887 < Ax < 0.8113, defined
for 11 scenarios (Sc;) that generate new criteria weights (see
Table 18). The ranking obtained for all the scenarios is shown in
Fig. 5.

wj

W; = (1 - Winc) ( (21)

1 — winc

5.5. Discussion

The results of the SVN-MEREC-MARCOS show that Al 7255-
T7751 (L3), Al 7068-T6511 (L,), and Ti-6Al-4V (L;g) are the top-
ranked sustainable materials for the spar application, as shown in

14

Table 16. Because aluminum alloys L, (4.48%/kg) and Ls
(4.51%$/kg) have the lowest R; values corresponding to the high-
est criteria weight (le = 0.3146) with acceptable characteristics
(see Tables 14 and 15), they outperform all the other alternatives.
Notably, titanium alloys (Lsg, L5, L17) possess better mechanical
properties as compared to aluminum alternatives; however, they
are five-fold more expensive (R;), twice as dense (R;), and have
a relatively higher carbon footprint (Gs). Therefore, they are
ranked consecutively next to aluminum alloys at 3rd, 4th, and
5th positions. Given that the criteria, Ry and G,, account for
50% of the overall weightage, Lig, with its low price (26.2$/kg)
and moderate fatigue resistance (0.8392) is deemed best choice
among the titanium alloys.

The comparison of the proposed method with SVN-entropy
and SVN-CRITIC shows similar trends in the ranking of the alter-
natives (see Fig. 3). However, L3, the 1st ranked-choice by SVN-
MEREC, descends to the 4th and 2nd position in SVN-entropy
and SVN-CRITIC, respectively. In addition, Al-65%Al,03 (L;) is
ranked as the best performing candidate material by both SVN-
entropy and SVN-CRITIC methods due to its exceptional struc-
tural integrity, damage tolerance, manufacturability, and environ-
mental compatibility. However, while considering the economic
constraints, an anomaly is seen that L; has the highest price
(8500%/kg) among the alternatives, making it unfeasible for real-
time engineering applications. This problem is accounted for in
the proposed SVN-MEREC method, which ranks L; at the 6th po-
sition. Even the sustainability perspective supports ranking alu-
minum alternatives (L,, L3) at top positions, which are infinitely
recyclable.

A glance at Fig. 4 demonstrates that the proposed method
for wing spar material selection strongly correlates with TODIM
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Fig. 5. Sensitivity analysis of 17 alternatives through 11 scenarios.

(0.92) and COPRAS (0.86). From the sensitivity analysis on SVN-
MEREC, it can be construed that the present model is sensitive
to changes in criteria weights (see Fig. 5). For example, the
alternatives swap ranks as incumbent weight changes from 0 to 1.
As aresult, L3 ranked as the most suitable material by SVN-MEREC
falls to 12th position when the incumbent weight approaches 1.
Additionally, it also ranks L; as the best choice when W;,, =
0.4. The practicality of the work is that by reasonable control of
critical property weights, a materials engineer can select better
materials in terms of environmental impact, sustainability, and
material attributes.

The salient features of the proposed SVN-MEREC-MARCOS
framework are as follows:

1. SVN-MEREC-MARCOS is flexible enough to solve material
selection problems while tackling crisp and ambiguous
inputs simultaneously. Furthermore, the model deals with
diverse opinions aggregated into meaningful data, easily
computed for real-time engineering applications.

2. MEREC is a relatively new and simple objective weight-
ing method that follows easy computational steps. Un-
like entropy and CRITIC, it evaluates the significance of
the weighting factors based on the removal effect of the
criterion.

3. MARCOS, a compensatory method, follows a simple al-
gorithm that does not complicate the engineering prob-
lem with the increasing number of alternatives or criteria.
Moreover, it has the ability to process expert preferences
regardless of the criteria type.

Although a comprehensive material selection tool is presented
in this work, however, a few limitations of the research are
outlined below:

15

e Eleven assessment criteria are included in this study, con-
sidering the technical, economic, environmental, and social
aspects. In the future, the scope of the research problem can
further be expanded to include additional parameters like
corrosion and weldability.

e This research only integrates MEREC, CRITIC, and entropy
with the proposed framework. Other criteria weighting
methods such as AHP, BWM, FUCOM, SOWIA, and SWARA
might be investigated for their potential.

e In this study, a limited number of decision-makers are in-
volved in the material selection process. To achieve more
reliable and accurate results, the number of decision-makers
can be increased from 3 to 5, 7, or more.

e An offshoot of this study can be performed using other
uncertainty theories, specifically IVNSs, as they deal with the
indeterminacies and inconsistencies in intervals.

5.6. Practical implications

The current study presents a pragmatic approach to solving
real-time material selection problems concerning sustainability.
It is a recurrent tool for assisting the decision-making process
and can be extended beyond the material selection problems of
aircraft manufacturers. For the first time, a methodology embod-
ies the opinions of experts along with crisp values to find an
optimum alternative without losing information or compromis-
ing the solution. This research also shows that ethical material
selection is no longer just based on technical operational re-
quirements; environmental factors like carbon emissions and
manufacturing energy have become more significant in recent
years. This methodology incorporates internal operational re-
quirements presented by the industry as well as external proto-
cols imposed by governments or international organizations, such
as environmental and health regulations.
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6. Conclusion

Material selection for any structural application in the contem-
porary world is constrained by economic concerns, mechanical
and chemical properties, environmental factors, and sustainable
development goals. Hence sustainable material selection is an
important tool for the manufacturing sector to meet its carbon-
neutral goals. This research study aims to address the environ-
mental challenges concerning the material selection of structures
through a novel framework. MEREC under an SVN environment
is used to determine objective criteria weights, followed by rank-
ing the alternatives through MARCOS. SVNSs are employed to
aggregate the opinions of three distinct experts, which are then
deneutrosophied to attain crisp values to form the decision ma-
trix. The applicability of the framework is demonstrated by im-
plementing it to a real-time engineering problem of a lightweight
aircraft wing spar. Comparative analysis and sensitivity analysis
are performed to demonstrate the superiority of the framework
over other MCDM methods. Moreover, the merits of MEREC are
also established by comparing its results with other objective
weighting methods. Another objective of this study is to help the
aerospace industry decision-makers or material selectors make
accurate and appropriate decisions. The results can help designers
understand and evaluate materials with regard to their properties
like sustainability, strength, and cost. The top-ranked materials
serve as benchmarks, and the rest of the candidate materials are
compared with them to identify their strengths and weaknesses.
Additionally, this model allows group aggregation to combine the
opinions of multiple decision-makers to produce the final results
while also attending to the uncertainties and indeterminacies in
the collected data. The results and ranking are elicited through an
algorithm using MATLAB; in the future, this code can be extended
to be used on other applications like green energy alternatives
where two types of data sets are involved. The proposed frame-
work can also be solved under different complex neutrosophic
environments like interval-valued and rough sets. Finally, this
framework provides the flexibility to the designer to opt for
other weighting and ranking methods like AHP, SOWIA, TOPSIS,
MULTIMOORA, or PROMETHEE for comparison. A limitation of
the model is the restricted control of the decision-maker over
assigning criteria weights. However, this may be tackled in future
studies using integrated objective-subjective criteria weighting
methods. Moreover, we plan to solve this framework using other
uncertainty theories like IVNSs to perform a comparative analysis
of the impact of using different approaches. Lastly, the applica-
tion can be evaluated using other MCDM frameworks integrated
with concepts of artificial intelligence, for instance, customer
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experience of high-speed rail system in China [116] and phase
transformation prediction in complex material systems [117].
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Table A.1
The normalized combined decision matrix 1 and overall performance of the alternatives M;.
Ry Ry R3 R4 Rs Rs Gy Gy Gs Gs Gs M;

Ly 1.000 0.728 0.175 0.221 0.131 0.476 0.297 0.025 0.078 1.000 0.104 1.613
L, 0.001 0.610 0.601 0.545 0.340 0.281 0.386 0.109 0.179 0.092 0.158 1.818
L3 0.001 0.612 0.603 0.563 0.367 0.189 0.386 0.057 0.179 0.092 0.158 1.854
Ly 0.078 0.398 0.145 0.735 0.446 0.556 0.232 0.025 1.000 0.116 1.000 1.527
Ls 0.014 0.345 0.734 0.821 0.531 1.000 0.505 0.171 0.714 0.387 0.796 1.286
Lg 0.020 0.336 0.856 1.000 0.509 0.227 0.505 0.032 0.714 0.387 0.796 1.444
Ly 0.027 0.368 0.463 0.737 1.000 0.877 0.206 1.000 0.562 1.000 0.694 1.127
Lg 0.028 0.358 0.406 0.582 0.703 0.181 0.789 0.033 0.704 0.387 0.796 1.464
Ly 0.005 0.338 0.803 0.585 0411 0.413 1.000 0.171 0.714 0.387 0.796 1.400
Ly 0.007 0.345 0.950 0.784 0.474 0.154 1.000 0.034 0.654 0.350 0.694 1514
Ly 0.020 0.398 0.493 0.543 0.343 0.500 0.297 0.066 0.318 0.151 0.451 1.595
L1z 0.014 0.336 0.776 0.767 0.614 0.189 0.840 0.034 0.827 0.387 0.796 1.444
L3 0.019 0.349 1.000 0.759 0.558 0.153 0.558 0.034 0.827 0.387 0.796 1.453

Lia 0.017 0.981 0.297 0.374 0.235 0.272
Lis 0.003 0.974 0.375 0.378 0.239 0.078
Lis 0.003 0.949 0.382 0.346 0.203 0.061
Li7 0.003 1.000 0.388 0.353 0.210 0.093

0.243 0.055 0.591 0.063 0.471 1.677
0.229 0.033 0.427 0.072 0.298 1.844
0.243 0.030 0.536 0.072 0.471 1.840
0.251 0.028 0.763 0.077 0.678 1.784
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Table A.2
The overall performance matrix by removing criteria M;‘
R R, R; Ry Rs Rg G Gy Gs Ga Gs

Ly 1.613 1.597 1.522 1.535 1.506 1.575 1.551 1.409 1.477 1.613 1.493
L, 1.451 1.797 1.797 1.793 1.773 1.765 1.778 1.723 1.745 1.716 1.740
Ls 1.504 1.835 1.834 1.831 1.814 1.787 1.816 1.735 1.784 1.756 1.779
Ly 1.378 1.476 1.416 1.510 1.482 1.495 1.444 1.303 1.527 1.403 1.527
Ls 0.933 1.210 1.264 1.272 1.241 1.286 1.238 1.156 1.262 1.218 1.270
Lg 1.182 1.377 1.434 1.444 1.403 1.352 1.403 1.216 1.424 1.386 1.430
Ly 0.780 1.043 1.063 1.102 1.127 1.116 0.990 1.127 1.079 1.127 1.097
Lg 1.232 1.403 1.411 1.433 1.444 1.360 1.451 1.245 1.444 1.408 1.451
Loy 1.002 1.330 1.386 1.366 1.343 1.343 1.400 1.284 1.379 1.339 1.385
Lo 1.194 1.453 1511 1.500 1.472 1.405 1514 1.307 1.490 1.454 1.493
L1 1.372 1.547 1.558 1.563 1.539 1.559 1.531 1.446 1.535 1.494 1.553
Lz 1.154 1.377 1.429 1.428 1.415 1.340 1.434 1.221 1.433 1.386 1.430
L3 1.188 1.389 1.453 1.437 1.418 1.337 1.418 1.232 1.442 1.396 1.439
Lig 1.466 1.676 1.618 1.630 1.607 1614 1.608 1.531 1.652 1.539 1.641
Lys 1.586 1.843 1.804 1.804 1.785 1.737 1.784 1.699 1.809 1.734 1.795
Lis 1.580 1.838 1.801 1.797 1.775 1.723 1.783 1.690 1.815 1.730 1.810
Ly7 1510 1.784 1.744 1.740 1.717 1.679 1.724 1.622 1.773 1.670 1.768

Table A.3

The normalized extended decision matrix 1.

R] R2 R3 R4 R5 RG C] Gz Gg G4 Gs

Ly 0.0005 0.3362 0.1454 0.2206 0.1312 0.0610 0.2059 0.0248 0.0780 0.0634 0.1041
Ly 0.0005 0.4618 0.8311 1.0000 1.0000 0.1280 0.6944 1.0000 1.0000 0.0634 1.0000
L, 1.0000 0.5509 0.2417 0.4050 0.3853 0.2171 0.5333 0.2278 0.4367 0.6866 0.6597
L 0.9933 0.5490 0.2411 0.3919 0.3571 0.3220 0.5333 0.4327 0.4367 0.6866 0.6597
Ly 0.0068 0.8441 1.0000 0.3000 0.2941 0.1098 0.8860 1.0000 0.0780 0.5468 0.1041
Ls 0.0390 0.9752 0.1980 0.2688 0.2471 0.0610 0.4074 0.1453 0.1092 0.1639 0.1308
Lg 0.0260 1.0000 0.1699 0.2206 0.2576 0.2683 0.4074 0.7764 0.1092 0.1639 0.1308
Ly 0.0196 0.9128 0.3142 0.2994 0.1312 0.0695 1.0000 0.0248 0.1389 0.0634 0.1499
Lg 0.0191 0.9401 0.3576 0.3794 0.1865 0.3378 0.2610 0.7505 0.1109 0.1639 0.1308
Ly 0.1077 0.9937 0.1811 0.3769 0.3188 0.1476 0.2059 0.1453 0.1092 0.1639 0.1308

Lio 0.0763 0.9752 0.1530 0.2813 0.2765 0.3951 0.2059 0.7312 0.1192 0.1811 0.1499
L1y 0.0270 0.8441 0.2947 0.4063 0.3824 0.1220 0.6944 0.3767 0.2451 0.4208 0.2309
L1z 0.0373 1.0000 0.1874 0.2875 0.2135 0.3232 0.2450 0.7312 0.0943 0.1639 0.1308
Li3 0.0282 0.9632 0.1454 0.2906 0.2353 0.3976 0.3691 0.7312 0.0943 0.1639 0.1308
Lig 0.0309 0.3428 0.4901 0.5894 0.5588 0.2244 0.8471 0.4508 0.1320 1.0000 0.2211
Lis 0.1653 0.3451 0.3874 0.5831 0.5488 0.7805 0.9000 0.7462 0.1827 0.8793 0.3497
Lis 0.1710 0.3544 0.3808 0.6375 0.6471 1.0000 0.8471 0.8392 0.1455 0.8793 0.2211
Li7 0.1594 0.3362 0.3742 0.6250 0.6235 0.6585 0.8217 0.8860 0.1022 0.8250 0.1537
Lip 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Table A4
The weighted extended decision matrix V.
R] R2 R3 R4 R5 RG G] Gz G3 G4 G5
Ly 0.000 0.016 0.006 0.008 0.007 0.005 0.012 0.005 0.003 0.006 0.004
Ly 0.000 0.023 0.037 0.034 0.057 0.011 0.039 0.189 0.042 0.006 0.040
L, 0.315 0.027 0.011 0.014 0.022 0.018 0.030 0.043 0.018 0.062 0.026
Ly 0.312 0.027 0.011 0.013 0.020 0.027 0.030 0.082 0.018 0.062 0.026
Ly 0.002 0.041 0.044 0.010 0.017 0.009 0.050 0.189 0.003 0.050 0.004
Ls 0.012 0.048 0.009 0.009 0.014 0.005 0.023 0.027 0.005 0.015 0.005
Lg 0.008 0.049 0.007 0.008 0.015 0.022 0.023 0.147 0.005 0.015 0.005
Ly 0.006 0.045 0.014 0.010 0.007 0.006 0.056 0.005 0.006 0.006 0.006
Lg 0.006 0.046 0.016 0.013 0.011 0.028 0.015 0.142 0.005 0.015 0.005
Lo 0.034 0.048 0.008 0.013 0.018 0.012 0.012 0.027 0.005 0.015 0.005
Lo 0.024 0.048 0.007 0.010 0.016 0.033 0.012 0.138 0.005 0.016 0.006
L1q 0.008 0.041 0.013 0.014 0.022 0.010 0.039 0.071 0.010 0.038 0.009
L1y 0.012 0.049 0.008 0.010 0.012 0.027 0.014 0.138 0.004 0.015 0.005
L3 0.009 0.047 0.006 0.010 0.013 0.033 0.021 0.138 0.004 0.015 0.005
Lig 0.010 0.017 0.022 0.020 0.032 0.019 0.048 0.085 0.006 0.091 0.009
Lis 0.052 0.017 0.017 0.020 0.031 0.065 0.051 0.141 0.008 0.080 0.014
Lig 0.054 0.017 0.017 0.022 0.037 0.083 0.048 0.158 0.006 0.080 0.009
L7 0.050 0.016 0.016 0.021 0.035 0.055 0.046 0.167 0.004 0.075 0.006
Lip 0.315 0.049 0.044 0.034 0.057 0.083 0.056 0.189 0.042 0.091 0.040
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Table B.1
Abbreviations and their explanations.
Abbreviation Explanation
ACWDEA Augmented Common Weight Data Envelopment Analysis
AHP Analytical Hierarchy Process
ARAS Additive Ratio ASsessment
A-SVN-DM Aggregated-SVN-Decision Matrix
ATAG Air Transport Action Group
BWM Best-Worst Method
BULI Basic Uncertain Linguistic Information
CCSD Correlation Coefficient and the Standard Deviation
C-DM Crisp-Decision Matrix
CE-ANP Concurrent Network
CLGT Conditional logit
CoCoSo Combined Compromise Solution
CODAS COmbinative Distance ASsessment
COPRAS COmplex PRoportional Assessment
CRITIC Criteria Importance Through Intercriteria Correlation
DfD Design for Deconstruction
DoE Design of Experiment
EDAS Evaluation based on Distance from Average Solution
ELECTRE ELimination and Choice Translating REality
EoL End of Life
EVAMIX EVAluation of MIXed data
FFAA Fermatean Fuzzy Aggregated Averaging
FFSs Fermatean Fuzzy Sets
FWTMs Food Waste Treatment Methods
FUCOM Full Consistency Method
FSs Fuzzy Sets
GIS Geographic Information System
GMCDM Group Multi-Criteria Decision Making
HoQ House of Quality
HPA Human Powered Aircraft
IFSs Intuitionistic Fuzzy Sets
ITARA Indifference Threshold-based Attribute Ratio Analysis
IVHFSs Interval-Valued Hesitant Fuzzy Sets
IVIFSs Interval-Valued Intuitionistic Fuzzy Sets
IVNSs Interval-Valued Neutrosophic Sets
HFSs Hesitant Fuzzy Sets
HIVIFSs Hesitant Interval-Valued Intuitionistic Fuzzy Sets
LVs Linguistic Variables
MABAC Multi-Attribute Border Approximation area Comparison
MAMVA Multi-Attribute Market Value Assessment
MARCOS Measurement Alternatives and Ranking based on COmpromise Solution
MCDM Multi-Criteria Decision Making
MDL Modified Digital Logic
MEREC MEthod based on the Removal Effects of Criteria
MULTIMOORA Multi-objective optimization by ratio analysis with the full multiplicative form
NSs Neutrosophic Sets
PROMETHEE Preference Ranking Organization METHod for Enrichment Evaluation
QFD Quality Function Deployment
S3PRLP Sustainable Third-Party Reverse Logistic Provider
SOWIA Subjective and Objective Weight Integrated Approach
SRCC Spearman’s Rank Correlation Coefficient
SVN-DM SVN-Decision Matrix
SVNNs Single-Valued Neutrosophic Numbers
SVNSs Single-Valued Neutrosophic Sets
SVN-WA SVN-Weighted Average
SWARA Stepwise Weight Assessment Ratio Analysis
TODIM Interactive and multiple attribute decision making
TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
VIKOR Multi-criteria optimization and compromise solution
WASPAS Weighted Aggregated Sum Product Assessment
Z-trans Z-transformation
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