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Abstract: A hybrid multicriteria decision-making (MCDM) framework, namely “criteria importance
through inter-criteria correlation-combinative distance-based assessment” (CRITIC-CODAS) is intro-
duced to rank automotive brake friction composite materials based on their physical and tribological
properties. The ranking analysis was performed on ten brake friction composite material alternatives
that contained varying proportions (5% and 10% by weight) of hemp, ramie, pineapple, banana,
and Kevlar fibers. The properties of alternatives such as density, porosity, compressibility, friction
coefficient, fade-recovery performance, friction fluctuation, cost, and carbon footprint were used as
selection criteria. An increase in natural fiber content resulted in a decrease in density, along with an
increase in porosity and compressibility. The composite with 5 wt.% Kevlar fiber showed the highest
coefficient of friction, while the 5 wt.% ramie fiber-based composites exhibited the lowest levels of
fade and friction fluctuations. The wear performance was highest in the composite containing 10 wt.%
Kevlar fiber, while the composite with 10 wt.% ramie fiber exhibited the highest recovery. The results
indicate that including different fibers in varying amounts can affect the evaluated performance
criteria. A hybrid CRITIC-CODAS decision-making technique was used to select the optimal brake
friction composite. The findings of this approach revealed that adding 10 wt.% banana fiber to the
brake friction composite can give the optimal combination of evaluated properties. A sensitivity
analysis was performed on several weight exchange scenarios to see the stability of the ranking
results. Using Spearman’s correlation with the ranking outcomes from other MCDM techniques,
the suggested decision-making framework was further verified, demonstrating its effectiveness
and stability.

Keywords: brake friction composite; natural fiber; carbon footprint; decision-making; CRITIC; CODAS

1. Introduction

The friction material used in automotive brake systems is typically a multiphase
polymer composite. It is considered one of the most complex material systems as it is
generally composed of more than ten ingredients. These ingredients are classified as fibers,
fillers, property modifiers (abrasives and lubricants), and binders [1]. Fillers such as barium
sulfate increase the manufacturability of brake composites while also lowering their total
cost [2]. Abrasives (such as alumina) and lubricants (e.g., graphite) are examples of property
modifiers. Abrasives are used to boost friction performance at the expense of increased

Sustainability 2023, 15, 8880. https://doi.org/10.3390/su15118880 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15118880
https://doi.org/10.3390/su15118880
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2316-4107
https://orcid.org/0000-0002-7245-2925
https://orcid.org/0000-0002-8776-3902
https://orcid.org/0000-0003-3681-5554
https://orcid.org/0000-0002-2318-5322
https://orcid.org/0000-0003-3670-327X
https://doi.org/10.3390/su15118880
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15118880?type=check_update&version=1


Sustainability 2023, 15, 8880 2 of 18

wear, whereas lubricants are used to maintain friction performance while reducing wear [3].
Binders (e.g., phenol-formaldehyde polymer) are used to keep the ingredients of a brake
composite from crumbling and falling apart when mechanical and thermal forces are
applied [4], while reinforcing fibers are used to keep the brake composite’s structural
integrity and mechanical strength. Under various braking circumstances, they help produce
the plateau and third body that maintain a steady friction film [5,6]. Traditionally, the
materials utilized to fabricate brake composites are either synthetic or extracted from
minerals. Alternative materials are being researched due to the limited supply of these
resources and the health risks they entail [7].

Nowadays, increased consumer awareness, as well as stringent environmental regu-
lations have promoted the development of sustainable products from natural and waste
resources [8–11]. In particular, brake composite materials are being developed, with the
aim of improving their tribological performance so that new products can be introduced
in a sustainable and responsible way. Numerous studies have recently been performed to
investigate the use of lignocellulosic fibers as reinforcement components in friction compos-
ites. Lee and Filip [12] studied the effect of hemp fibers (1.7 wt.%) on the performance of
automotive brake materials. The study revealed that the inclusion of hemp fibers increases
friction while decreasing wear resistance at high temperatures. The study by Ma et al. [13]
on sustainable brake friction composites concluded that the inclusion of 6 wt.% corn stalk
fiber showed the best tribological performance. While studying the influence of flax fiber
(0–23.6 vol.%) on the performance of sustainable brake composites, Fu et al. [14] concluded
that the best tribological performance can be achieved with 5.6 vol.% fiber loading. Sus-
tainable brake friction composites were fabricated with varying proportions (0 to 20 wt.%)
of coir fiber by Rajan et al. [15]. The authors claimed the best tribological properties with
5 wt.% fiber loading. Gehlen et al. [16] investigated the possibility of using rice husk
(0–12 wt.%) as sustainable automotive brake material. The authors claimed increased fade
with rice husk loading, while wear resistance remained highest for the formulation with
6 wt.% rice husk content. M. Amirjan [17] used bagasse fiber (0 to 10 wt.%) to examine
its impact on the tribological characteristics of friction composites made of phenolic resin.
According to the study, the ideal amount of bagasse fiber to improve tribological char-
acteristics was 5 wt.%. The applicability of cow dung fibers (0 to 8 wt.%) in sustainable
brake materials was investigated by Ma et al. [18]. The study concluded that a formulation
with 6 wt.% cow dung fibers results in the best brake composite material. In addition,
other kinds of lignocellulosic fibers, such as Areva javanica fiber [19], abaca fiber [20], and
Prosopis juliflora fiber [21] have been applied to different friction composites.

The reviewed literature suggests that tribological properties are dependent on the
type and amount of natural biomass used in composite fabrication. Therefore, reaching a
product with the desired performance has always been a challenge faced by formulation
designers [22]. Consequently, brake friction material selection is a multicriteria decision-
making (MCDM) problem, where formulation designers have to select the best composite
from two or more alternatives based on two or more criteria in order to obtain good
performance [23,24]. Many MCDM approaches have been published in the literature
for selecting brake friction materials. For a quick overview of the most popular MCDM
methods currently used to determine the best brake friction materials for automotive, see
Table 1.
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Table 1. MCDM for brake friction material selection.

MCDM Method
Number of

Year Reference
Alternatives Criteria

BR 5 5 2004 [25]
TOPSIS 8 6 2010 [26]

PROMETHEE II 6 6 2010 [27]
EEM 5 9 2010 [28]
PSI 4 8 2015 [29]

GRA 27 7 2018 [30]
MOORA/EEM 8 8 2018 [31]

VIKOR 8 8 2018 [32]
SAW 8 7 2019 [33]

COPRAS 16 8 2019 [34]
VIKOR/ELECTRE 6 5 2019 [35]

ELECTRE II 9 7 2020 [36]
TOPSIS/VIKOR/EDAS/MOORA 16, 9 3 2021 [37]

MEW 12 7 2021 [38]
VIKOR 9 6 2021 [39]

MOORA 7 8 2022 [40]
MOORA 6 8 2022 [41]

EDAS 16 7 2023 [42]
BR = balancing and ranking; TOPSIS= technique for order of preference by similarity to ideal solution; EEM = exten-
sion evaluation method; EDAS = evaluation based on distance from average solution; MOORA = multi-objective
optimization based on ratio analysis; COPRAS = complex proportional assessment; VIKOR = visekriterijumska op-
timizacija i kompromisno resenje; ELECTRE = elimination and choice translating priority; SAW = simple additive
weighting; GRA = grey relation analysis; MEW = multiplicative exponent weighting; PROMETHEE = preference
ranking organization method for enrichment evaluations; PSI = preference selection index.

Subjective, such as AHP (analytic hierarchy process) and BWM (best–worst method),
or objective, such as entropy and CRITIC (criteria importance through inter-criteria cor-
relation) weighting methods are generally used to assign the priority weight of selected
criteria [42]. According to the literature, several research studies have previously been
conducted in order to optimize automotive brake friction materials. Despite these MCDM
strategies for friction materials ranking challenges, there was a substantial need to investi-
gate novel types of decision-making techniques in order to present formulation designers
with more accurate choices. CODAS is a relatively new optimization approach that is
widely used in many management and engineering fields [43]. According to the authors’
knowledge, no research has utilized the CODAS MCDM method to optimize brake friction
materials yet. As a consequence, the purpose of this research is to identify the most effective
friction material for use in automotive braking systems from among ten candidate materials
drawn from the existing literature.

2. Optimization Methodology

A hybrid CRITIC-CODAS framework was developed to determine the optimal options
for lignocellulosic fiber-based polymeric composites for automotive braking applications.
The method comprises weighing the criteria using the CRITIC methodology and the CO-
DAS tool to select the best composite option. In an MCDM problem, it is common practice
to apply both objective and subjective approaches to compute the relevance of criteria.
Subjective (AHP/BWM) approaches need some preliminary data based on the decision-
makers’ experience or expertise before weight determination [42]. In contrast, there is
no need for decision-makers when using objective (entropy/CRITIC) techniques, and
the weight of the criteria is decided only on the basis of the data that are available for
decision-making. CRITIC, a method for objective weighing that was proposed by Diak-
oulaki et al. [44], offers certain advantages over other objective weighing techniques since it
incorporates both inter-criteria correlation and standard deviation for weight computation.
Aside from its popularity and simplicity, scholars have proposed improvements to boost
its dependability and accuracy for a variety of disciplines [45]. CODAS, which was pro-
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posed by Ghorabaee et al. [46], has become a more useful tool for prioritizing and ranking
different options in the scientific and managerial fields. By figuring out the Taxicab and
Euclidean distances from the negative-ideal location, the CODAS technique has effectively
addressed complex and unpredictable decision-making difficulties. The CODAS strategy
seems adequate to represent the fundamental principles of any MCDM issues, as it is a
very systematic method that incorporates both advantageous and disadvantageous criteria
into its calculations. Due to its easy procedure, CODAS is gaining popularity worldwide
for solving many decision-making problems such as landfill site selection [47], energy
storage [48], selection of the most polluted city [49], machining process selection [50],
automobile radiator performance prediction [51], and material selection [52].

The proposed hybrid MCDM model can be implemented in four main phases as
depicted in Figure 1.

Phase 1: Alternatives, criteria, and performance matrix.
Phase 2: CRITIC method.
Phase 3: CODAS method.
Phase 4: Sensitivity analysis and validation.
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2.1. Phase 1: Alternatives, Criteria, and Performance Matrix

In the initiation phase of any MCDM process, the first step involves identifying and
selecting the alternatives and criteria that will be utilized in the subsequent ranking analysis.
Following this, a performance matrix is meticulously constructed, incorporating the chosen
alternatives and criteria. Alternatives, in this context, refer to the diverse spectrum of
choices or possibilities available for deliberation during the decision-making process. These
alternatives have the potential to encompass solutions, strategies, products, projects, or any
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other viable options under consideration. On the other hand, criteria represent the specific
factors or attributes that hold relevance in the decision-making process. These criteria play
a crucial role in evaluating and comparing the alternatives. They can manifest as qualitative
or quantitative aspects, and their nature may vary depending on the specific characteristics
of the decision at hand. In the present study, ‘m’ alternatives (Ai, i = 1, 2, . . . , m) and
‘n’ evaluation criteria

(
Cj, j = 1, 2, . . . , n

)
are under consideration. To comprehensively

analyze and evaluate these alternatives based on the selected criteria, a performance matrix
(
[
Pij
]

m×n) can be meticulously structured (as shown in Equation (1)), facilitating a thorough
and systematic analysis.

[
Pij
]

m×n =

A1
A2
...

Ai
...

Am

C1 C2 · · · Cj · · · Cn∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

P11 P12 . . . P1j . . . P1n
P21 P22 . . . P2j . . . P2n

...
... . . .

... . . .
...

Pi1 Pi2 . . . Pij . . . Pin
...

... . . .
... . . .

...
Pm1 Pm2 . . . Pmj . . . Pmn

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
i = 1, 2, . . . , m
j = 1, 2, . . . , n

(1)

where Pij = ith alternative rating for jth evaluation criteria.

2.2. Phase 2: CRITIC Method

The CRITIC approach is used for determining the weights of attributes. It uses the stan-
dard deviation approach to calculate the attribute weights. The CRITIC method involves
several essential steps, namely data normalization, calculation of the standard deviation,
calculation of the correlation coefficient, generation of the index values, and ultimately, the
calculation of weights. To ensure consistency and validity, the decision matrix is normalized
according to attribute implication, as outlined in the provided equations. The stages of the
CRITIC method are as follows:

Step 1: Normalize the performance matrix using Equation (2), as follows:

Pij =


Pij−Pmin

ij

Pmax
j −Pmin

j
i f j ∈ pro f it criteria

Pmax
ij −Pij

Pmax
j −Pmin

j
i f j ∈ cos t criteria

(2)

Step 2: Standard deviation (σj) calculation using Equation (3):

σj =

√
1

m− 1

m

∑
i=1

(
Pij −∇j

)2; j = 1, . . . , n (3)

where ∇j = mean of the jth criterion, which is calculated as follows:

∇j =
1
m

m

∑
i=1

Pij; j = 1, . . . , n (4)

Step 3: Derive the correlation coefficient (θjk) for a pair of criteria using the following
equation (Equation (5)):

θjk =

m
∑

i=1

(
Pij −∇j

) (
Pik −∇k

)
√

m
∑

i=1

(
Pij −∇j

)2 m
∑

i=1

(
Pik −∇k

)2
(5)

where ∇k represents the mean of the kth criterion and it is calculated by replacing ‘k’ for ‘j’
in Equation (4).
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Step 4: Derive the value of information measure (ρj) for each criterion using Equation (6):

ρj = σj

n

∑
k=1

(
1− θjk

)
; j = 1, . . . , n (6)

Step 5: The weight (ωj; j = 1, 2, . . . , n) for jth criterion is determined using Equation (7):

ωj =
ρj

n
∑

j=1
ρj

; j = 1, . . . , n (7)

where
n
∑

j=1
ωj = 1 and vj ∈ [0, 1].

2.3. Phase 3: CODAS Method

The step-by-step methodology for CODAS analyses is based on the literature [46,49].
The computational procedure for the CODAS method involved the following steps:

Step 1—Normalize the criteria: In order to eliminate bias arising from varying mea-
surement units or scales, it is important to normalize the criteria values to a standardized
scale. This can be achieved using appropriate normalization techniques as follows:

The formulated performance matrix
[
Pij
]

m×n is further normalized
[
PNij

]
m×n using

Equation (8).

PNij =


Pij

max
i

Pij
i f j ∈ pro f it criteria

min
i

Pij

Pij
i f j ∈ cos t criteria

(8)

Step 2—Calculate the weighted normalized distance: During the evaluation process, it
is crucial to calculate the weighted normalized distance. This step multiplies the normalized
distance between each alternative and the ideal solution by its corresponding criterion
weight. By doing so, it enables an accurate assessment and ranking of alternatives based
on their performance and the significance of each criterion. The weighted normalized
performance matrix

[
vij
]

m×n is structured using
[
PNij

]
m×n as given:

vij = ωj × PNij (9)

where ωj is the jth criterion weight computed using Equation.
Step 3—Determine the negative-ideal solution: To establish the anti-ideal solution for

each criterion, the minimum value is selected as it represents the worst possible perfor-
mance. This choice facilitates a distinct differentiation among the alternatives, enabling a
comprehensive evaluation based on the criterion’s lowest attainable level of performance.
The equation for calculating the negative ideal point

[
NIPj

]
1×n is as follows:

NIPj = min
i

vij (10)

Step 4—Calculate the Euclidean and Taxicab distances: For each alternative, com-
pute the Euclidean and Taxicab distance for each alternative. The Euclidean distance
(Ei) and Taxicab distance (Ti) for the alternatives from

[
NIPj

]
1×n are computed using

Equations (11) and (12):

Ei =

√√√√ n

∑
j=1

(
vij −NIPj

)2 (11)

Ti =
n

∑
j=1

∣∣vij −NIPj
∣∣ (12)
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Step 5—Formulate the assessment matrix: After calculating the Euclidean and Taxicab
distance for each alternative, the next step is to construct the assessment matrix [<ik]m×m
using Equation (13):

[<ik]m×m = (Ei − Ek) + ζ(Ei − Ek)× (Ti − Tk) (13)

where k ∈ {1, 2, . . . , m} and ζ (0.01 ≤ ζ ≤ 0.05) is the threshold parameter. A ζ value of
0.02 is used in this study.

Step 6—Calculate the overall assessment score: The weighted distances for each
alternative are aggregated, typically using a summation method, to obtain an overall score
or utility value. Based on these scores, the alternatives are ranked in descending order,
with higher scores indicating better performance. The assessment score (Ωi) is calculated
using Equation (14), and the alternatives are ranked as per the decreasing order of Ωi.

Ωi =
m

∑
k=1
<ik (14)

2.4. Phase 4: Sensitivity Analysis and Validation

For the sensitivity analysis, the CRITIC method-determined criteria weights were
interchanged, and a fresh ranking analysis using the CODAS method was carried out for
each adjustment. To validate the findings of the proposed methodology, a comparison was
made with the ranking of alternatives obtained using other popular MCDM methods (such
as EDAS, SAW, MEW, WASPAS, COPRAS, PSI, MOORA, and TOPSIS).

3. Alternatives and Criteria Selection
3.1. Alternatives Selection

The MCDM problem herein is based on the experimental data obtained from the
literature where natural fiber-based friction composites were developed for automotive
braking applications [33,36,38,42]. In total, ten composite alternatives were selected, whose
compositional details are listed in Table 2. Each alternative contains a fixed materials batch,
which contains phenolic resin = 10 wt.%, graphite = 5 wt.%, aluminum oxide = 5 wt.%,
vermiculite = 5 wt.%, and lapinus fiber = 20 wt.%. This fixed batch was supplemented
with Kevlar fiber, barium sulfate, and natural fiber while ensuring that each alternate
composition remained 100% by weight. The natural fibers were alkali-treated and then
cut to lengths of 1–6 mm for use in composite development. Shear mixing of ingredients
using a mechanical mixer (feeder speed = 300 rev/min, chopper speed = 3000 rev/min),
compression molding for 10 min (temperature = 155 ◦C, pressure = 15 MPa), and post-
curing in an oven for 3 h (temperature = 170 ◦C) were used to prepare friction composites
in the form of brake pads [33,36,38,42]. For various characterizations, composite samples
of the sizes specified by IS 2742 (parts 3 and part 4) were utilized.

Table 2. Details of the alternatives.

Materials (wt.%)
Alternatives

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Fixed batch 45 45 45 45 45 45 45 45 45 45
Barium sulfate 50 45 50 45 50 45 50 45 50 45

Ramie fiber 5 10 0 0 0 0 0 0 0 0
Pineapple fiber 0 0 5 10 0 0 0 0 0 0

Banana fiber 0 0 0 0 5 10 0 0 0 0
Hemp fiber 0 0 0 0 0 0 5 10 0 0
Kevlar fiber 0 0 0 0 0 0 0 0 5 10
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3.2. Criteria Selection

In order to select the best composite alternative, ten criteria were considered including
density (C1), porosity (C2), compressibility (C3), friction coefficient (C4), fade performance
(C5), recovery performance (C6), friction fluctuation (C7), wear (C8), cost (C9), and carbon
footprint (C10). Density (C1), porosity (C2), and compressibility (C3) were analyzed as per
the requirement of the IS 2742 (part 3) quality procedure. Following the IS 2742 (part 4)
quality test protocol, the experimental results for criteria encompassing C4 to C8 were
collected from the chase machine. Experimentation, quality assurance, and new product
development can all benefit from accurate information provided by the IS 2742 (part 4)
standard. Table 3 displays the experimental conditions for various cycles required by the
IS 2742 (part 4) standard. The apparatus and the testing schedule were described in full
previously [1,40].

Table 3. Testing conditions for IS 2742 (part 4) [1,36,38,40].

Experimental Cycle

Burnish Baseline-I Fade-I Recovery-I Wear Fade-II Recovery-II Baseline-II

Speed (RPM) 308 411 411 411 411 411 411 411

Temperature (◦C)
Initial — 82 82 261 193 82 317 82

Final 93 104 289 93 204 345 93 104

Load (N) 440 660 660 660 660 660 660 660

Load on time
Min 20 — 10 — — 10 — —

Sec — 10 — 10 20 — 10 10

Load off time Sec — 20 — — 10 — — 20

Heating Off Off On Off Off On Off Off

Application 1 20 1 1 100 1 1 20

After the test was over, the friction coefficient for each composite was examined and
given as friction performance (C4), fade performance (C5), recovery performance (C6),
friction fluctuations (C7), and wear performance (C8). A detailed description of the selected
criteria is given as:

Density (g/cc; C1): The density of the composite alternatives was measured according
to the standard water displacement method using density measurement equipment (Wensar
Weighing Scales Ltd., Delhi, India). For commercial organic brake friction material, a density
of up to 2.6 g/cc is reported in the literature [53]. It is considered a cost criterion (i.e., the
lower the better).

Porosity (%; C2): The porosity of the composites was determined in accordance
with the JIS D 4418 standard by soaking the composites for 8 h in SAE 90-grade oil. The
recommended porosity level is less than 10% for brake friction material [54]. It is considered
a cost criterion (i.e., the lower the better).

Compressibility (%; C3): Compressibility was determined using ISO 6310-compliant
compressibility testing equipment from Hind Hydraulics in India [15,22]. The compressibil-
ity should be less than 2% for a good brake friction material, in line with the recommended
literature limits [55]. It is considered a cost criterion (i.e., the lower the better).

Friction coefficient (C4): The friction coefficient was calculated as the mean of the
friction coefficients measured during the chase machine testing of alternative samples for
four fade/recovery cycles. A good brake friction material should have a high and steady
coefficient of friction, ideally between 0.2 and 0.6 [56]. It is considered a profit criterion (i.e.,
the higher the better).

Fade performance (%; C5): Fade performance measures the ratio of the lowest friction
coefficient for fading cycles to the overall test. The recommended range of fade performance
is 0 to 30% [57]. It is considered a cost criterion (i.e., the lower the better).
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Recovery performance (%; C6): Recovery performance measures the maximum friction
coefficient for the recovery cycles in relation to the overall test. The recommended range of
recovery performance is 90% to 140% [57]. It is considered a profit criterion (i.e., the higher
the better).

Friction fluctuation (%; C7): Friction fluctuation is defined as the difference between
the maximum and minimum measured friction coefficients for all fade and recovery cycles.
For a good brake material, friction fluctuations should be as low as possible and stable
over a range of operating conditions [58]. It is considered a cost criterion (i.e., the lower
the better).

Wear (gram; C8): Wear is defined as the loss of material (weight loss) for a composite
sample. It is considered a cost criterion (i.e., the lower the better).

Cost (€/kg; C9): Cost is associated with the cost of materials (per kg) used in the
fabrication of each composite alternative. Due to economic constraints, cost is an important
consideration to consider while selecting materials. Considering the fact that cost often
fluctuates due to market conditions and the availability of materials, the wholesale cost
of materials was taken into account here. It is considered a cost criterion (i.e., the lower
the better).

Carbon footprint (C10): The carbon footprint is an effective indicator for evaluating
the environmental impacts of any material or product activities. The carbon footprint
is defined as the sum of greenhouse gases (expressed in CO2 equivalent) emitted by a
material, or product. In this study, the carbon footprint for the material production process
is considered for the varying ingredients (i.e., barium sulfate, lignocellulosic, and Kevlar
fibers) only. It is considered a cost criterion (i.e., the lower the better).

4. Results and Discussion
4.1. Criteria Results

The results for the selected ten criteria concerning each alternative are listed in Table 4.
The experimental results listed in Table 4 are the mean values from three samples of each
composite for the specified criterion. As observed in Table 4, the 5 wt.% fiber-reinforced
composites (i.e., A1, A3, A5, A7, and A9) have slightly higher density (C1) than the
10 wt.% fiber-reinforced composites (i.e., A2, A4, A6, A8, and A10). This trend in density
is expected as heavier barium sulfate is replaced with lighter fibers [21]. The density of
the investigated composites varies from 2.26 to 2.56 g/cc, which is in the range of the
reference value for organic brake friction materials reported in the literature [53]. The
composites showed porosity (C2) in the 4.34–7.24% range and remained in the prescribed
range of brake friction materials, i.e., less than 10% [54]. Including an increased fiber
concentration also increased compressibility (C3), which fluctuated between 0.88% and
1.34%. The compressibility obtained was within the range prescribed in the literature
(i.e., not more than 2%) [55]. Compared to the 10 wt.% fiber-reinforced composites, the
friction coefficient (C4) remained slightly higher for the 5 wt.% fiber-loaded composites.
These findings are in tandem with the literature, where increased organic fiber loading
was reported to deteriorate tribological performance [16,20]. The friction coefficient was
between 0.518 and 0.592, which remained within the range reported in the literature (i.e.,
0.2 to 0.6) [56]. The composites’ fade performance (C5) remained within the prescribed
limit of 0 to 40% except for alternative A10, which exhibited the highest fade of 51.05%. In
comparison, the recovery performance (C6) of the investigated composites remained within
the prescribed limit of 90 to 140% [57]. The friction fluctuations (C7) fluctuated between
0.178 and 0.359 and remained in good agreement with the literature [58]. Compared to
the 10 wt.% natural fiber-reinforced composites, the wear (C8) was slightly higher for the
5 wt.% natural fiber-loaded composites. These findings are in tandem with the literature,
where increased natural fiber loading was reported to increase the wear of brake composite
materials [13,15,18].
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Table 4. Criteria results.

Alternatives C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A1 2.56 6.28 1.02 0.547 22.12 109.14 0.178 1.16 1.01 2 (L)
A2 2.48 7.12 1.26 0.540 26.67 112.04 0.209 1.34 1.08 1 (VL)
A3 2.44 4.68 1.16 0.548 36.31 107.66 0.241 1.22 1.12 2 (L)
A4 2.36 5.58 1.34 0.540 38.89 108.89 0.268 1.36 1.30 1 (VL)
A5 2.38 5.42 1.04 0.518 36.10 111.20 0.255 1.32 1.03 2 (L)
A6 2.33 5.88 1.12 0.526 24.71 108.56 0.187 1.41 1.11 1 (VL)
A7 2.53 6.82 1.12 0.544 30.33 107.54 0.206 1.08 1.06 2 (L)
A8 2.46 7.24 1.18 0.540 33.70 108.70 0.229 1.21 1.17 1 (VL)
A9 2.38 4.34 0.88 0.592 35.98 107.43 0.257 1.18 2.64 3 (H)
A10 2.26 6.54 1.16 0.574 51.05 111.50 0.359 1.06 4.33 4 (VH)

The cost (C9) of alternative A10 was highest (~4.33 €/kg) because of the higher cost
of Kevlar fiber (~35 €/kg) compared to barium sulfate (~0.15 €/kg) and lignocellulosic
fibers (~2–3 €/kg). Table 4 shows that all input values for the carbon footprint (C10) are not
quantitative but linguistic. So, in order to achieve homogeneity, a four-point (1 to 4) scale
was considered for the carbon footprint (C10) as very low (VL = 1), low (L = 2), high (H = 3),
and very high (VH = 4). The highest carbon footprint value of 4 (VH) for alternative A10
was assigned on the basis of variable ingredients. The carbon footprint of Kevlar fiber was
8.7 kg CO2-eq/kg [59], while it was reported as 2 kg CO2-eq/kg [60] for barium sulfate
and 0.9 kg CO2-eq/kg [61] for natural fiber. The VH carbon footprint was assigned to
alternative A10 because of the Kevlar fiber’s highest (10 wt.%) amount. For alternative A9,
the Kevlar fiber concentration was reduced to 5 wt.%, and accordingly, the carbon footprint
level changed from VH to H. As the Kevlar fiber concentration was replaced with 5 wt.%
and 10 wt.% natural fiber, the carbon footprint was further reduced, and the level changed
to L and VL, respectively.

The results presented in Table 4 show that no alternative performed best for all
the selected criteria. To be detailed, alternative A10 exhibited the lowest density (C1;
2.26 g/cc), least wear (C8; 1.06 g), and second-best friction coefficient (C1; 0.574), but
showed the lowest preference for C5 (51.05%), C7 (0.359), C9 (4.33 €/kg), and C10 (4). The
recovery performance of A2 was the highest (112.04%) but displayed the second-poorest
performances for C2 (7.12%) and C3 (1.26%). The highest value for C2, C3, and C4 were
exhibited by A9, but it also exhibited the lowest recovery performance (C6; 107.43%) along
with second-poorest cost (C9; 2.64 €/kg) and carbon footprint (C10; 3). The lowest fade
performance (C5; 22.12%), friction fluctuations (C7; 0.178%), and cost (C9; 1.01 €/kg) were
attained by A1, but A1 was poorest from the density standpoint (C1; 2.56 g/cc).

Figure 2 shows the ranking of composite alternatives using only one criterion at a
time. Notably, the order of choice for the alternatives (A1–A10) is not equal across any
two criteria, indicating the greatest amount of disagreement and highlighting the vital
necessity for a robust weighted MCDM approach. As a result, a hybrid CRITIC-CODAS
technique was used to select the optimal alternative while taking into account all criteria at
the same time.

4.2. Ranking Analysis

The ranking analysis was divided into three parts. First, the weighting of the criteria
was determined by analyzing the CRITIC approach outcomes. Second, the CRITIC outputs
were incorporated into the CODAS calculation for ranking. The robustness of the proposed
MCDM technique was evaluated using a sensitivity analysis and validation.
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4.2.1. CRITIC Results

Referring to the discussion in Section 2, and considering Table 4 as a performance
matrix, the data normalization was performed using Equation (2), as shown in Table 5. The
resulting standard deviations (σj) for each criterion are displayed in Table 6, as calculated
using Equation (3).

Table 5. Performance matrix normalization for weight calculation.

Alternatives C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A1 0.0000 0.3310 0.6957 0.3919 1.0000 0.3709 1.0000 0.7143 1.0000 0.6667
A2 0.2667 0.0414 0.1739 0.2973 0.8427 1.0000 0.8287 0.2000 0.9789 1.0000
A3 0.4000 0.8828 0.3913 0.4054 0.5095 0.0499 0.6519 0.5429 0.9669 0.6667
A4 0.6667 0.5724 0.0000 0.2973 0.4203 0.3167 0.5028 0.1429 0.9127 1.0000
A5 0.6000 0.6276 0.6522 0.0000 0.5168 0.8178 0.5746 0.2571 0.9940 0.6667
A6 0.7667 0.4690 0.4783 0.1081 0.9105 0.2451 0.9503 0.0000 0.9699 1.0000
A7 0.1000 0.1448 0.4783 0.3514 0.7162 0.0239 0.8453 0.9429 0.9849 0.6667
A8 0.3333 0.0000 0.3478 0.2973 0.5997 0.2755 0.7182 0.5714 0.9518 1.0000
A9 0.6000 1.0000 1.0000 1.0000 0.5209 0.0000 0.5635 0.6571 0.5090 0.3333

A10 1.0000 0.2414 0.3913 0.7568 0.0000 0.8829 0.0000 1.0000 0.0000 0.0000

Table 6. Results of CRITIC method.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

σj 0.3098 0.3421 0.2789 0.2917 0.2872 0.3710 0.2873 0.3416 0.3255 0.3315
ρj 3.3959 3.1522 2.3947 2.9424 2.4044 3.9902 2.4228 3.5982 2.9228 3.1578
ωj 0.1118 0.1038 0.0788 0.0969 0.0791 0.1313 0.0798 0.1184 0.0962 0.1039

The information measure (ρj) values were computed using Equation (5), as displayed
in Table 6. Afterward, using Equation (6), the criterion weights were computed and listed
in Table 6. Recovery performance (C6) had the most weight at 0.1313, while compressibility
(C3) had the least weight at 0.0788.
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4.2.2. CODAS Results

The present study comprises ten alternative and criteria each, so n = m = 10. Table 2
was used as a performance matrix

[
Pij
]

10×10 with 10 rows and 10 columns. Table 7 shows
the performance matrix after it was normalized using Equation (8).

Table 7. Normalized performance matrix
[
PNij

]
10×10

.

Alternatives C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A1 0.8828 0.6911 0.8627 0.9240 1.0000 0.9741 1.0000 0.9138 1.0000 0.5000
A2 0.9113 0.6096 0.6984 0.9122 0.8294 1.0000 0.8517 0.7910 0.9352 1.0000
A3 0.9262 0.9274 0.7586 0.9257 0.6092 0.9609 0.7386 0.8689 0.9018 0.5000
A4 0.9576 0.7778 0.6567 0.9122 0.5688 0.9719 0.6642 0.7794 0.7769 1.0000
A5 0.9496 0.8007 0.8462 0.8750 0.6127 0.9925 0.6980 0.8030 0.9806 0.5000
A6 0.9700 0.7381 0.7857 0.8885 0.8952 0.9689 0.9519 0.7518 0.9099 1.0000
A7 0.8933 0.6364 0.7857 0.9189 0.7293 0.9598 0.8641 0.9815 0.9528 0.5000
A8 0.9187 0.5994 0.7458 0.9122 0.6564 0.9702 0.7773 0.8760 0.8632 1.0000
A9 0.9496 1.0000 1.0000 1.0000 0.6148 0.9589 0.6926 0.8983 0.3826 0.3333

A10 1.0000 0.6636 0.7586 0.9696 0.4333 0.9952 0.4958 1.0000 0.2333 0.2500

Following that, the weighted normalized performance matrix
[
PNij

]
10×10 was cal-

culated using Equation (9) and is shown in Table 8. Following that, for each condition,
a negative-ideal solution was constructed and reported in Table 8. Next, the Euclidean
distance (Ei), using Equation (11), and Taxicab distance, (Ti) using Equation (12), were
determined and presented in Table 9. The relative-assessment matrix was subsequently
calculated using Equation (13), as shown in Table 10.

Table 8. Weighted normalized performance matrix (
[
vij

]
10×10

) and the negative-ideal solution

(
[
NIPj

]
1×10

).

Alternatives C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

A1 0.0987 0.0717 0.0680 0.0895 0.0791 0.1279 0.0798 0.1082 0.0962 0.0520
A2 0.1019 0.0633 0.0550 0.0884 0.0656 0.1313 0.0680 0.0937 0.0900 0.1039
A3 0.1036 0.0963 0.0598 0.0897 0.0482 0.1262 0.0589 0.1029 0.0868 0.0520
A4 0.1071 0.0807 0.0517 0.0884 0.0450 0.1276 0.0530 0.0923 0.0747 0.1039
A5 0.1062 0.0831 0.0667 0.0848 0.0485 0.1303 0.0557 0.0951 0.0943 0.0520
A6 0.1084 0.0766 0.0619 0.0861 0.0708 0.1272 0.0760 0.0890 0.0875 0.1039
A7 0.0999 0.0661 0.0619 0.0890 0.0577 0.1260 0.0690 0.1162 0.0917 0.0520
A8 0.1027 0.0622 0.0588 0.0884 0.0519 0.1274 0.0620 0.1037 0.0830 0.1039
A9 0.1062 0.1038 0.0788 0.0969 0.0486 0.1259 0.0553 0.1064 0.0368 0.0346

A10 0.1118 0.0689 0.0598 0.0940 0.0343 0.1307 0.0396 0.1184 0.0224 0.0260[
NIPj

]
1×10

0.0987 0.0622 0.0517 0.0848 0.0343 0.1259 0.0396 0.0890 0.0224 0.0260

Table 9. Euclidean (Ei ) and Taxicab (Ti ) distances.

Alternatives Ei Ti

A1 0.1024 0.2365
A2 0.1118 0.2264
A3 0.0827 0.1895
A4 0.0977 0.1898
A5 0.0841 0.1820
A6 0.1157 0.2529
A7 0.0881 0.1947
A8 0.1042 0.2095
A9 0.0608 0.1586
A10 0.0354 0.0711
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Table 10. Assessment matrix ([<ik]10×10 ), assessment score (Ωi ), and ranking.

Alternatives A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 Ωi Rank

A1 0.000 −0.009 0.020 0.005 0.018 −0.013 0.014 −0.002 0.042 0.067 0.142 4
A2 0.009 0.000 0.029 0.014 0.028 −0.004 0.024 0.008 0.051 0.077 0.236 2
A3 −0.020 −0.029 0.000 −0.015 −0.001 −0.033 −0.005 −0.021 0.022 0.047 −0.055 8
A4 −0.005 −0.014 0.015 0.000 0.014 −0.018 0.010 −0.007 0.037 0.062 0.094 5
A5 −0.018 −0.028 0.001 −0.014 0.000 −0.031 −0.004 −0.020 0.023 0.049 −0.041 7
A6 0.013 0.004 0.033 0.018 0.032 0.000 0.028 0.011 0.055 0.081 0.274 1
A7 −0.014 −0.024 0.005 −0.010 0.004 −0.028 0.000 −0.016 0.027 0.053 −0.002 6
A8 0.002 −0.008 0.021 0.007 0.020 −0.011 0.016 0.000 0.043 0.069 0.159 3
A9 −0.042 −0.051 −0.022 −0.037 −0.023 −0.055 −0.027 −0.043 0.000 0.025 −0.274 9

A10 −0.067 −0.076 −0.047 −0.062 −0.049 −0.080 −0.053 −0.069 −0.025 0.000 −0.528 10

After the determination of the Euclidean and Taxicab distances, the assessment score
(Ωi) for all alternatives was calculated using Equation (14), and the results were recorded
in Table 10. Finally, the options were arranged from least to most favorable using the Ωi
values presented in Table 10. Alternative A6 containing 10 wt.% of banana fiber (Ωi = 0.274)
ranked first, whereas alternative A10 containing 10 wt.% of Kevlar fiber (Ωi = −0.528)
ranked last.

4.3. Sensitivity Analysis

The sensitivity analysis revealed the solution’s consistency and robustness. Any
modification to the weight of a criterion alters the ranking of the alternatives. Therefore,
the sensitivity analysis was performed by exchanging the weight of the used criteria. In
total, 45 new weight scenarios were generated with criteria weight exchange, and the
corresponding ranking for each scenario processed using the CODAS method is depicted in
Figure 3. In all weight exchange scenarios, alternative A6 consistently held the top position,
while A2 secured second rank except in the circumstances of C3–C10, C5–C10, and C7–C10.
The alternatives A9 and A10 remained the least preferred. Overall, some sensitivity was
seen, but because the ultimate objective was to select the best option, these modifications
had minimal impact on the ranking results. As a result, it might be said that no particular
preference dominates the assessment.
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4.4. Methodology Validation

The proposed methodology was validated by comparing its ranking results with
other well-known MCDM approaches, namely EDAS, SAW, MEW, WASPAS, COPRAS, PSI,
MOORA, and TOPSIS. The comparative ranking results for the different methodologies
are presented in Figure 4. The rankings for the alternatives according to several MCDM
techniques show that alternative A6 is the most dominating, coming in first, while al-
ternative A10 is the weakest option, coming in last across all the techniques. Since the
ranking for various models is not same, to determine the interrelationship between the
rankings obtained using the CODAS model and the other MCDM models, the Spearman’s
rank (SPrank) correlation test was used using Equation (15), and the results are listed in
Table 11 [51].

SPrank = 1−
6

m
∑

i=1
d2

i

m3 −m
(15)

where m = the number of alternatives and d = the difference between the rankings of two
MCDM methods.
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Table 11. Spearman’s rank correlation coefficients.

MCDM Model CODAS EDAS SAW MEW WASPAS COPRAS PSI MOORA TOPSIS

CODAS 1 0.976 0.939 0.939 0.939 0.903 0.879 0.879 0.952
EDAS - 1 0.976 0.976 0.976 0.952 0.915 0.915 0.989
SAW - - 1 1 1 0.989 0.964 0.964 0.952
MEW - - - 1 1 0.989 0.964 0.964 0.952

WASPAS - - - - 1 0.989 0.964 0.964 0.952
COPRAS - - - - - 1 0.989 0.989 0.939

PSI - - - - - - 1 1 0.903
MOORA - - - - - - - 1 0.903
TOPSIS - - - - - - - - 1
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The rank correlation results reveal that the ranks for the compared MCDM approaches
have a substantial statistical connection. All correlation coefficients are greater than 0.87,
indicating a very strong relationship.

Further, a sensitivity analysis was performed for the MOORA method (having the
lowest SPrank correlation coefficient with the proposed CODAS approach) to strengthen
the rank validation. The ranking results are presented in Figure 5. Alternatives A6, A2,
and A3 consistently hold the first, second, and third position, respectively, in all weight
exchange scenarios. At the same time, alternatives A9 and A10 remain at the bottom. A
slight sensitivity was observed for the fourth to eighth ranked alternatives, where the
alternatives moved up or down by one or two positions. This study’s main objective was
to select the best alternative, and the results obtained reflect the validity and credibility of
the acquired ranking.
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5. Conclusions

The current study presents a decision-assistance system for ranking automobile brake
friction materials based on several performance-defining parameters. By combining the
CRITIC and CODAS approaches, a hybrid decision-assistance system was developed. The
CRITIC methodology was used to compute the priority weights of the criteria, while CO-
DAS was used as the ranking method to examine serious conflicts among the specified
criteria and arrive at an assessment score for each alternative. Alternatives were chosen
based on the variation in natural (hemp, ramie, pineapple, and banana) and Kevlar fibers,
with density, porosity, compressibility, friction coefficient, fade-recovery performance, fric-
tion fluctuation, cost, and carbon footprint as performance factors/criteria. According to
the results, the alternative with 10% banana fiber was chosen as the best-suited automotive
brake friction material. The sensitivity study showed that the ranking outcome was not
considerably impacted by changing the criteria weights. To further validate the method,
a comparison was made between the CODAS results and those from other MCDM ap-
proaches, including EDAS, SAW, MEW, WASPAS, COPRAS, PSI, MOORA, and TOPSIS.
The CODAS approach was agreed upon as the best result using all MCDM methods. Future
research may use the proposed decision-making model to solve complex MCDM problems
for various applications.
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52. Roy, J.; Das, S.; Kar, S.; Pamučar, D. An extension of the CODAS approach using interval-valued intuitionistic fuzzy set for
sustainable material selection in construction projects with incomplete weight information. Symmetry 2019, 11, 393. [CrossRef]

53. De Falco, G.; Russo, G.; Ferrara, S.; De Soccio, V.; D’Anna, A. Sustainable design of low-emission brake pads for railway vehicles:
An experimental characterization. Atmos. Environ. X 2023, 18, 100215. [CrossRef]

54. Paramathma, B.S.; Sundaram, M.; Palani, V.; Raghunathan, V.; Dhilip, J.D.J.; Khan, A. Characterization of Silane Treated and
Untreated Citrullus lanatus Fibers Based eco-friendly Automotive Brake Friction Composites. J. Nat. Fibers 2022, 19, 13273–13287.
[CrossRef]

55. Kumar, M.; Bijwe, J. Optimized selection of metallic fillers for best combination of performance properties of friction materials: A
comprehensive study. Wear 2013, 303, 569–583. [CrossRef]

56. Singireddy, V.R.; Jogineedi, R.; Kancharla, S.K.; Farokhzadeh, K.; Filip, P. On scaled-down bench testing to accelerate the
development of novel friction brake materials. Tribol. Int. 2022, 174, 107754. [CrossRef]

57. Kumar, M.; Satapathy, B.K.; Patnaik, A.; Kolluri, D.K.; Tomar, B.S. Hybrid composite friction materials reinforced with combination
of potassium titanate whiskers and aramid fibre: Assessment of fade and recovery performance. Tribol. Int. 2011, 44, 359–367.
[CrossRef]

58. Aranganathan, N.; Bijwe, J. Special grade of graphite in NAO friction materials for possible replacement of copper. Wear 2015,
330, 515–523. [CrossRef]

59. Teijin Aramid Sustainability Report. 2021. Available online: https://www.teijinaramid.com/wp-content/uploads/2022/05/
Teijin-Aramid-Sustainability-Report-2021-2.pdf (accessed on 4 November 2022).

60. Product Carbon Footprint (PCF)-Calculation and Comparison of Naturally or Synthetically Produced Barium Sulphates. Avail-
able online: https://www.dolder.com/fileadmin/user_upload/content/Specialty_Chemicals/Products/Sachtleben_Carbon-
Footprint_Natural-vs-Synthetic-Barium-Sulphates.pdf (accessed on 25 August 2022).

61. de Beus, N.; Carus, M.; Barth, M. Carbon Footprint and Sustainability of Different Natural Fibres for Biocomposites and Insulation
Material. Available online: http://eiha.org/media/2019/03/19-03-13-Study-Natural-Fibre-Sustainability-Carbon-Footprint.pdf
(accessed on 28 June 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.renene.2018.01.087
https://doi.org/10.1016/j.simpat.2022.102540
https://doi.org/10.1016/j.matpr.2021.12.152
https://doi.org/10.1016/j.csite.2021.101724
https://doi.org/10.3390/sym11030393
https://doi.org/10.1016/j.aeaoa.2023.100215
https://doi.org/10.1080/15440478.2022.2089431
https://doi.org/10.1016/j.wear.2013.03.053
https://doi.org/10.1016/j.triboint.2022.107754
https://doi.org/10.1016/j.triboint.2010.11.009
https://doi.org/10.1016/j.wear.2014.12.037
https://www.teijinaramid.com/wp-content/uploads/2022/05/Teijin-Aramid-Sustainability-Report-2021-2.pdf
https://www.teijinaramid.com/wp-content/uploads/2022/05/Teijin-Aramid-Sustainability-Report-2021-2.pdf
https://www.dolder.com/fileadmin/user_upload/content/Specialty_Chemicals/Products/Sachtleben_Carbon-Footprint_Natural-vs-Synthetic-Barium-Sulphates.pdf
https://www.dolder.com/fileadmin/user_upload/content/Specialty_Chemicals/Products/Sachtleben_Carbon-Footprint_Natural-vs-Synthetic-Barium-Sulphates.pdf
http://eiha.org/media/2019/03/19-03-13-Study-Natural-Fibre-Sustainability-Carbon-Footprint.pdf

	Introduction 
	Optimization Methodology 
	Phase 1: Alternatives, Criteria, and Performance Matrix 
	Phase 2: CRITIC Method 
	Phase 3: CODAS Method 
	Phase 4: Sensitivity Analysis and Validation 

	Alternatives and Criteria Selection 
	Alternatives Selection 
	Criteria Selection 

	Results and Discussion 
	Criteria Results 
	Ranking Analysis 
	CRITIC Results 
	CODAS Results 

	Sensitivity Analysis 
	Methodology Validation 

	Conclusions 
	References

