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Abstract 
 

Brake pad is one of the crucial components of automobile to protect the vehicle against accidents. Natural fiber composites 
(NFCs) - Flax, Kenaf, Bamboo, Oil-Palm, Sisal, Coir, Hemp, Banana, Palf, and Jute - prepared by different reinforcing 
agent are used to manufacture brake pads. However, selection of suitable brake pad materials is critical, as there are many 
NFs, and each NF has some advantages, and limitations. MCDM (Multi-criteria decision-making) technique is widely 
adopted to select the most suitable alternative materials based on various criteria. In this research, ten alternative NFs have 
been ranked using seven MCDM methods. Criteria considered in this study are: density, hardness, coefficient of friction, 
wear rate, compressive strength, degradation temperature, and moisture gain; And weights of criteria are calculated using 
LGPMBWM (Linear Goal Programming Model for Best Worst-Method). And ranking of natural fibers have been done 
using CoCoSo (Combined Compromise Solution Method), WPM (Weighted Product Method), WSM (Weighted Sum 
Method), CoCoSo (Combined Compromise Solution), PIV (Proximity Indexed Value), TOPSIS (The Technique for Order 
of Preference by Similarity to Ideal Solution), and MABAC (Multi-Attributive Border Approximation Area Comparison 
methods). The final ranking of alternatives has been done by employing membership degree method. Further, the 
consistency, and reliability of applied MCDM methods is done by applying sensitivity analysis. As a result of this, Flax 
occupied the first rank, whereas bamboo proved to be the worst natural fiber for manufacturing of brake pads. This study 
uses different MCDM technique for the selection problem which makes it more reliable and performance of sensitivity 
analysis makes it consistent.  
 
Keywords: Natural Fiber; Linear Goal Programming Model for Best Worst-Method; Natural Fiber Reinforced Composite; Combined 
compromise Solution method; Weighted Product Method; Weighted Sum Method; Proximity Indexed Value; The Technique for Order of 
Preference by Similarity to Ideal Solution; Multi-Attributive Border Approximation Area Comparison. 
____________________________________________________________________________________________ 
 

1. Introduction 
 
The most critical parts of the braking mechanism are brake 
discs, brake pads, and linings. There are two types of brake 
pads: Asbestos, and Non- Asbestos. Asbestos brake pad is 
carcinogenic, whereas Non-Asbestos pads are environment-
friendly. Various NFs are available, which can be used in the 
brake pads. Material selection for brake pad not only depends 
on material functions, but also on the cost, availability, and 
process-ability [1]. Various NFs are available, which can 
replace asbestos completely for the application in brake pads. 
Palm kernel fiber is used to develop the brake pads in which 
various tests have been carried out to find out moisture 
absorption, wear rate, coefficient of friction, porosity, 
hardness. It was found that palm kernel fiber made NFC 
exhibits high friction coefficient, and high wear rate, which 
reduce the life of the brake pad[2]. Bagasse fiber is taken for 
the production of brake pads, in which various samples are 
made by different sieve size, and different wt. percentage. 
Satisfactory results come out only at 100µm sieve grade of 
bagasse with a content of 70% Bagasse, 30% resin[3]. Banana 
peel fiber is employed for the formulation of NFC’s brake 

pads, where they found that there is a rise in the coefficient of 
friction, as the percentage of weight of resin gets enhanced in 
the formulation[4].  
 Multi-criteria Decision-making (MCDM) techniques are 
applied for the material selection in various application: 
application of Taguchi’s method for the calculation of various 
parameters for the manufacturing of Brake lining [5], 
application of AHP and VIKOR test for the material selection 
of Kevlar Lapinus for brake pads [6] and the result was: if the 
percentage of Lapinus and Wollastonite fiber increases, then 
flexural, and tensile strength of the friction composites 
decrease. On the other hand, addition of higher content of 
wollastonite, and Kevlar fiber resulted in improved wear, and 
recovery performance. All the MCDM methods have various 
advantages, and different limitations which are as follows in 
Table 1.  
 The aim of this research study is that it suggests a 
systematic technique to select the best material for brake pad. 
In this paper, various MCDM techniques like LGPBWM, 
WSM, WPM, CoCoSo, PIV, TOPSIS, and MABAC have 
been used to rank the different NFs; and the calculated ranks 
are, then, combined by Membership Degree Method. To the 
best of author’s knowledge and understanding, such approach 
has not been used collectively on a single problem, which 
motivated us to carry out this study. LGPMBWM is employed 
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to find out the optimal weights of different criteria; and the 
calculated weights are utilized to find out the rank. Further, 
sensitivity analysis is performed to verify the results. 

Industrial application, and future scope are also sketched in 
this research.  
 

 
Table 1. Different MCDM methods used for materials, their advantages, and limitations. 

Technique Invention 
Year 

Advantages Limitations 

WPM 1969 It’s easy to use and it has the ability to convert 
qualitative data into quantitative information.  

It does not provide optimal 
solution for all MCDM problems.  

AHP 1970 Additional tool is not required for criteria weight 
determination. 

As the number of criteria and 
alternatives increase, technique 
becomes complicated. 

TOPSIS 1981 It’s a simple technique and procedure doesn’t 
change irrespective of number of alternatives and 
criteria. 

If the problem is multi-
dimensional, then vector 
normalisation may be required. 

FAHP 
 

1983 
 

FAHP decision maker’s personal judgement doesn’t 
affect the final results. 

Assumption made in FAHP is all 
the involved criteria are 
independent of each other but in 
reality interdependencies may 
occur. 

VIKOR 
 

1990 
 

It is modified TOPSIS approach. When conflicting criteria 
increases , technique becomes 
complicated 

COPRAS 
 

1994 
 

It’s a very simple technique and requires less 
calculations 

It’s little unstable as slight 
change in data can lead to change 
in overall ranking. 

WSM 2009 It provides a basic and easy to use approach for 
multi objective optimisation problems.  

It not capable of incorporating 
complex preference information.  

ARAS 2010 It is easy to rank and evaluate the decision. If alternatives are more, 
calculations become lengthy. 

WASPAS 
 

2012 
 

It tries to achieve the highest degree of accuracy of 
optimisation. 

If the dimension of the matrix 
increases, time required to solve 
the problem may be long. 

BWM             2015 
 

It provides pairwise comparison in a structured way.  It doesn’t identify global optimal 
solution, calculation is complex.  

MABAC 2015 It gives the consist solution to the MCDM problems.  To make the results more reliable 
sensitive analysis is performed, 
which makes this method little 
complex.  

PIV 2018 It eliminates the rank reversal problem in most of 
the MCDM problems. 

It doesn’t eliminate the rank 
reversal problem occurred due to 
the normalisation process.  

CoCoSo 2019 It’s easy to implement as it provides ranking to 
available alternatives.  

Calculations are complex and 
lengthy.  

2. Methodology 
 
The entire work methodology of the paper is shown in figure 
1 for understanding the picture of the entire work of this 
paper. 
 For manufacturing of brake pads, various NFs are 
available, but each NF has its own specific properties, and 
limitations. The need is to find out the best alternative, 
depending on its properties, and availabilities. Various 
alternative materials considered in this study are: Hemp(H1), 
Flax(F1), Kenaf (K1), Palf (P1), Bamboo(B1), Oil palm(O1), 
sisal(S1), coir(C1), Banana(Ba1), Jute (J1); and they have 
been evaluated on the basis of the seven conflicting criteria: 
Density(Z1), Hardness(Z2), Wear Rate(Z3), Coefficient of 
friction(Z4), Compressive Strength(Z5), moisture gain(Z6), 
Thermal Degradation Temperature (Z7), as presented in 
Table 2. 
 Fig. 1. Step wise work methodology of brake pad material selection 

problem. 
 

Identification of 
NFs for Brake 
pads and lining 
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of decision 
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Result and 
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Conclusion and 
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2.1. LGPMBWM (Linear Goal Programming Model for 
Best Worst Method) 
For this study, the weight calculation is done using a recently 
developed linear goal programming model for the best-worst 
method (LGPMBWM)[12], which involves selecting the best 
factor (the most important criterion) and the worst factor (the 
least important criterion), and then comparing them to other 
criteria using a comparison scale ranging from 1 to 9. As a 
result, two pairwise comparison vectors can be created: BO 
(Best to Others) and OW (Others to Worst). Furthermore, the 
optimal criteria weights and consistency ratio are computed 
using LGPMBWM. The BWM offers only a few advantages 
over the other techniques: (i) It provides minimum deviation, 
confirming closer weight ratios; (ii) It provides stable 
comparisons; and (iii) when compared to AHP, it provides 
minimum deviation, indicating superior ordinal consistency 
[13]. Based on various advantages of BWM, this method was 
used by many researchers to calculate  criteria weight in 
various applications [14][15][16]. With these advantages, 
(2n-2) number of constraints are there in LGPMBWM, while 
in actual, BWM number of constraints are 4n-5 (n is the 
number of criteria). The LGPMBWM has lesser constraints 
as compared to BWM, due to which enhanced computational 

solution is found, and it also reduces the complexity in 
original BWM. Further, the details of this method can be 
studied from the research done by its developer[12]. 
However, to get the clear understanding of this method, 
following steps are explained here [12][17]. 
 Step 1: List n decision criteria {X1, X2, …, Xn} for the 
current problem. For the selection of NF, decision criteria are 
as follows: Density (Z1), Hardness (Z2), Wear Rate (Z3), 
Coefficient of friction (Z4), Compressive Strength (Z5), 
moisture gain (Z6), Thermal Degradation Temperature (Z7). 
Step 2: Choose the best and the worst factors. On the advice 
of academic experts best and worst factors have been chosen 
in this study. 
 Step 3: In this step, comparison is performed pairwise 
between best criterion, and other criteria by assigning 
numbers from 1 to 9. Number 1 is assigned to the least 
important factor and number 9 is assigned to the most 
important factor. To find out the importance of the best 
criterion over others, that leads to the generation of best to 
others (BTO) vector as:   
 
𝐸! = (𝑒!"	,𝑒!%, 𝑒!&… . 𝑒!')																																																								(1) 

 
Table 2.Comparison of different properties of NFs[4], [7]–[11] 

Alternative 
NFs 

Z1 
in 

gm/cm3 

Z2 
in 

RHN 

 Z3 
in 

mm3/N-m 

Z4 
 

 Z5 
in 

(MPa) 

Z6 
in 

(%) 

Z7 
in °C 

Goal Min Max Min Max Max Min Max 
H1 1.48 89 12 0.6 27 12 250 
F1 1.52 75.6 6 0.6 1200 12 250 
K1 1.4 73 1.2 0.4 34.2 17 219 
P1 1.52 84 284 0.6 200 14 220 
B1 1.4 94.9 8000 0.4 104.82 14 200 
O1 1.65 89.5 1.9 0.76 1.4 20 250 
 S1 1.4 99 4 0.6 290.78 14 300 
C1 1.25 60 26 0.6 31 13 190 
Ba1 1.3 85 4 0.6 39.9 13.5 200 
J1 1.37 48 8.42 0.4 44.4 17 205 

Z1: Density; Z2: Hardness; Z3: Wear Rate; Z4: Coefficient of friction; Z5: Compressive Strength; Z6: moisture gain; Z7: Thermal Degradation 
Temperature; H1: Hemp; F1: Flax; K1: Kenaf; P1: Palf; B1: Bamboo; O1: Oil palm; S1: sisal; C1: sisal; Ba1: Banana, J1: Jute.  
 
 
 Where, 𝐸! is the best to others (BTO) vector and 𝑒() =
	Importance of best criterion over the jth  criterion. It can be 
stated that𝑒(( = 1. 
 Step 4: Comparison of each and every criteria with the 
worst criterion is done in the same way as in previous step 
which provides the formulation of others-to-worst (OTW) 
vector as: 
 
𝐸* = (𝑒"+	,𝑒%+, 𝑒&+… . 𝑒'+),                                (2) 
 
 Where 𝑒)*		= importance of jth criterion w.r.t. the worst 
criterion. It is obvious, 𝑒**	 = 1 . 
 Step 5: In the last step optimal weights (f1, f2, f3,……,fn) are 
calculated. The amount of inconsistency is defined by 𝑝

+
𝑗 −

	𝑝
−
𝑗  and 𝑞

+
𝑗 − 	𝑞

−
𝑗   to show the priority of BTO, and OTW. 

The main objective of LGPMBWM is to minimize the total 
deviation. Eq. (3) represents the LGPMBWM model. 
 
min 𝑧 =45𝑝

+
𝑗 + 	𝑝

−
𝑗 6

-

+45𝑞
+
𝑗 + 	𝑞

−
𝑗 6

-

																							(3) 

 

Subject to: 
 
𝑓! − 𝑒!-𝑓- = 𝑝

+
𝑗 − 	𝑝

−
𝑗  , for all j, 

 
𝑓- − 𝑒-+𝑒+ = 𝑞

+
𝑗 − 	𝑞

−
𝑗  , for all j, 

 
4f) = 1
-

 

 
𝑓- , 𝑝

+
𝑗 , 𝑝

−
𝑗 , 𝑞

+
𝑗 , 𝑞

−
𝑗 	≥ 0, 𝑓𝑜𝑟	𝑎𝑙𝑙	𝑗																																				 

 
Step 6: Eq. (4), and (5) are used to calculate the consistency 
ratio. For the high degree of consistency, consistency ration 
must be close to zero and vice versa. 
 
𝜉 = max

)
Cp
+
j − 	p

−
j , q

+
j + 	q

−
j G                                                    (4) 

 
consistency	ratio = .

/01232451/6	31758
																																								(5) 
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Table 3. Consistency table 

EBW 1 2 3 4 5 6 7 8 9 
consistency index 0.00 0.44 1.00 1.63 2.30 3.00 3.73 4.47 5.23 

 
 
2.2 Methods for ranking alternatives 
Multi-criteria decision-making is a process of decision-
making, while considering various conflicting criteria.  In 
MCDM method, a particular rank is given to each alternative, 
and the alternative, which gets the highest rank, is 
recommended as the best alternative. In most of the MCDM 
methods, initially, a decision matrix is formulated, which is 
obtained by arranging alternatives, and decision criteria in 
rows, and columns respectively. Considering nA, and nC as 
the total number of alternatives, and decision criteria and aij 
as the value for alternative i corresponding to criteria j, the 
decision matrix is represented by Eqn. (6) 
 

𝐷𝑀 =	Q

𝑎"" … … 𝑎"-
⋮ ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮
𝑎9" … … 𝑎9-

S

':×'<

																																										(6) 

 
 Since, it is expected that the criteria for evaluation are 
defined over different range, and may have different 
dimensions; they are normalized into a similar range. There 
are various methods to perform normalization: Linear, vector, 
and logarithm etc [18]  and each method has a pre-defined 
normalization method associated with it. Further, a weight 
(wj) to each criterion is defined, which signifies its importance 
for selection of the best alternative. 
 
 

Table 4. Different MCDM methods, and their computational steps 
Method Step 1 Step 2 Step 3 Step 4 Step 5 

WSM 
𝐼𝑓	𝑗 ∈ 𝐵, 𝑛9- =

𝑚𝑖𝑛
9
𝑎9-

𝑎9-
 

𝐼𝑓	𝑗 ∈ 𝐶, 𝑛9- =
𝑎9-

𝑚𝑎𝑥
9
𝑎9-

 
𝑟9- = 𝑛9- ×𝑤- 𝑃9 =4𝑟9-

-

   

WPM 
𝐼𝑓	𝑗 ∈ 𝐵, 𝑛9- =

𝑚𝑖𝑛
9
𝑎9-

𝑎9-
 

𝐼𝑓	𝑗 ∈ 𝐶, 𝑛9- =
𝑎9-

𝑚𝑎𝑥
9
𝑎9-

 
𝑟9- = `𝑛9-a

+! 𝑃9 =b𝑟9-
-

   

TOPSIS 
𝑛9- =

𝑎9-

c∑ `𝑎9-a
%

9

 
𝑟9- = 𝑛9- ×𝑤- 

𝑣-=

= f
𝑚𝑎𝑥
9
𝑟9- ; 𝑖𝑓	𝑗 ∈ 𝐵

𝑚𝑖𝑛
9
𝑟9- ; 𝑖𝑓	𝑗 ∈ 𝐶

h 

𝑣-> = f
𝑚𝑖𝑛
9
𝑟9- ; 𝑖𝑓	𝑗 ∈ 𝐵

𝑚𝑎𝑥
9
𝑟9- ; 𝑖𝑓	𝑗 ∈ 𝐶

h 

𝐷9=

= i4`𝑣-= − 𝑟9-a
%

-

 

𝐷9>

= i4`𝑣-> − 𝑟9-a
%

-

 

𝑃9
=

𝐷9>

𝐷9= +𝐷9>
 

MABAC 

𝐼𝑓	𝑗 ∈ 𝐵, 𝑛9-

=
𝑚𝑎𝑥
9
𝑎9- − 𝑎9-

𝑚𝑎𝑥
9
𝑎9- −𝑚𝑖𝑛9 𝑎9-

 

𝐼𝑓	𝑗 ∈ 𝐶, 𝑛9-

=
𝑎9- −𝑚𝑖𝑛9 𝑎9-

𝑚𝑎𝑥
9
𝑎9- −𝑚𝑖𝑛9 𝑎9-

 

𝑟9-
= (𝑛9-
+ 1) × 𝑤- 

𝑣- = jb𝑟9-
9

k
"/':

 𝑃9 =4`𝑟9- − 𝑣-a
-

  

PIV 
𝑛9- =

𝑎9-

c∑ `𝑎9-a
%

9

 
𝑟9- = 𝑛9- ×𝑤- 

𝐼𝑓	𝑗 ∈ 𝐵, 𝑣9- = 𝑚𝑎𝑥
9
𝑟9-

− 𝑟9- 
𝐼𝑓	𝑗 ∈ 𝐶, 𝑣9-
= 𝑟9- −𝑚𝑖𝑛9 𝑟9- 

𝑃9 =4𝑣9
-

  

CoCoSo 

𝐼𝑓	𝑗 ∈ 𝐵, 𝑛9-

=
𝑚𝑎𝑥
9
𝑎9- − 𝑎9-

𝑚𝑎𝑥
9
𝑎9- −𝑚𝑖𝑛9 𝑎9-

 

𝐼𝑓	𝑗 ∈ 𝐶, 𝑛9-

=
𝑎9- −𝑚𝑖𝑛9 𝑎9-

𝑚𝑎𝑥
9
𝑎9- −𝑚𝑖𝑛9 𝑎9-

 

𝑊𝐶9
=4`𝑛9-

-

×𝑤-a 
𝑃𝐶9
=4`𝑛9-a

+!

-

 

𝐴9 =
𝑊𝐶9 + 𝑃𝐶9

∑ (𝑊𝐶9 + 𝑃𝐶9)9
 

𝐵9
=

𝑊𝐶9
𝑚𝑖𝑛
9
𝑊𝐶9

+
𝑃𝐶9

𝑚𝑖𝑛
9
𝑃𝐶9

 

𝐶9
=

𝑊𝐶9 + 𝑃𝐶9
𝑚𝑎𝑥
9
𝑊𝐶9 +𝑚𝑎𝑥9 𝑃𝐶9

 

𝑃9 = 𝐴9 × 𝐵9 × 𝐶9  
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 Various MCDM methods are presently available to solve 
material selection problem with different evaluation, and 
computational steps. WSM (Weighted sum model), and 
WPM(weighted product model) are the simplest, and the 
initial methods for ranking the alternatives[19] . In WPM, the 
weighted sum, and in WPM, weighted product of the criteria 
values are used as a performance score for ranking. An 
alternative with highest performance value is ranked one, and 
other alternatives are ranked in decreasing order [19][20]. 
TOPSIS (Technique for Order Preference by Similarity to 
Ideal Solution) is the most commonly used MCDM method 
among researchers. This method was developed by[21], and 
is successfully employed to solve problems pertaining to 
different knowledge domain[22]. According to this method, 
an alternative with largest distance from the negative, and the 
smallest distance from positive ideal solution is ranked first. 
MABAC (Multi- Attribute Border Approximation area 
Comparison) introduced in 2015 ranks the alternatives on the 
basis of their distance from the border approximation area 
(BAO) [23]. It is suggested that an alternative with highest 
distance from the BAO is ranked first, and other alternatives 
are ranked as per descending values of the distance from 
BAO[23][24][25] . Proximity Index value (PIV) method 
identified in 2018 by Mufazzal and Muzakkir (2018), is a new 
method, which computes the ranks of the alternatives on the 
basis of proximity value[26]. An alternative with the least 
proximity value is ranked one, and the remaining alternatives 
are ranked in increasing order of the proximity value [17] 
[26](12,21). Combined Compromise Solution Method 
(CoCoSo) method was developed by Yazdani (2019) [27] . 
This method depends on the relative distance of alternative 
from the ideal one, which gives compromised solution of 
alternatives ranking[27][28]. Fundamentally, computation of 
weight compatibility sequence, and power compatibility 
sequence are two noteworthy passages of ranking. 
Alternatives are ranked in such a way that an alternative, 
which has the highest performance value, will acquire first 
rank, followed by others with decreasing performance value.  
 In this study, WSM, WPM, TOPSIS, MABAC, PIV, and 
CoCoSo are used for the material selection of the brake pad. 
The computational steps involved in these methods are shown 
in table 4. 
 
2.3 Method to combine the ranks obtained using different 
MCDM methods 
Since the methods considered in this study have different 
computational steps, it is possible that the ranks obtained 

using these methods may vary. Therefore, a methodology 
given by [29] is used to calculate the final ranking of the NFs. 
The steps discussed are as follows [17][29]: 
 
  Step 1: Formulate rank frequency matrix (R) as given by 
Eqn. (7). 
 

𝑅 = o
𝑦"" … 𝑦"@
… … …
𝑦A" … 𝑦A@

q																																																																		(7) 

 
 Where,  yBC represents the sum of ranks of alternative p at 
rank r obtained using B different MCDM methods. 
 Step 2: Compute membership degree matrix using Eqn. 
(8). 
 
𝛾A@ =	

𝑦A@
𝐵 																																																																																					(8) 

 
 Where, γBCrepresents the membership degree of risk 
factor p at rank r. 
 Step 3: Compute rank index RIB for alternatives using 
Eqn. (9). 
 

𝑅𝐼A =	4𝛾A@																																																																														(9)
D

EF"

 

 
 Step 4: Alternatives are ranked depending on the rank 
index in ascending order. 
 
 
3. Results and Discussion 
 
Decision matrix of this issue is appeared in Table 2, which 
shows ten alternative NFs, and seven decision criteria. So as 
to utilize LGPMBWM to decide criteria weight, vital 
information is required, which were gathered from six 
automotive materials experts from different Universities and 
Industries in India. All the experts have more than 20 years of 
experience in the field of automotive materials. The 
specialists met, and it was requested to choose the best, and 
the worst criteria. The Best, and the worst criteria chosen by 
the specialists are shown in Table 5. 
 

 
 
Table 5. Best and Worst Criteria Identified by Experts (1 to 6). 

Factors Identified as Best by Expert No. Identified as Worst by Expert No. 
Z1  3 
Z2  4,5,2 
Z3 5,2,1,6  
Z4   
Z5 3  
Z6 4 2,1 
Z7   

Z1: Density; Z2: Hardness; Z3: Wear Rate; Z4: Coefficient of friction; Z5: Compressive Strength; Z6: moisture gain; Z7: Thermal Degradation 
Temperature 
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 The experts were also requested to compare the best 
criterion with other criteria, and also other criteria with the 
worst criterion, and give their preference on a scale of 1 to 9. 
This comparison led to the formation of Best to Others (BTO), 
and Others to Worst (OTW) matrices, which are presented in 
Table 6, and Table 7 respectively. 
 On the basis of pairwise comparison, matrices appeared 
in Table 6 and 7, optimal criteria weights, and consistency 
ratio were determined using Eq. (5), as introduced in Table 8. 
Finally, a single value of the weight and consistency ratio was 
found out by the weight, averaging the weights of all six 
experts, which are shown in Table 8.  It has to be stated here 
that the weights to the six experts are assigned as 0.1456, 
0.1748, 0.1942, 0.1942, 0.1748, and 0.1165 on the basis of 
their experience.  
 It is clear from Table 8 that 0.0622 is the consistency ratio, 
which is much smaller than 1.0, which demonstrates that the 
determined criteria weights are both optimal, and reliable. 
After obtaining optimal criteria weights shown in Table 8, the 
steps of CoCoSo were implemented to obtain rank of the 
alternative natural fibers. The ranking results are given in 
Table 9.  
 Considering Table 2 as the decision matrix, and weights 
of the criteria shown in Table 8, WSM, WPM, TOPSIS, 

MABAC, PIV and CoCoSo, methods were employed. The 
steps shown in Table 5 are followed, and the performance 
values and ranks obtained for NFs are 
Shown in table 9. 
 It has been observed from Table 9, that out of six methods, 
three suggests Flax (F1) to be the best alternative, while two 
suggests Sisal (S1), and one suggests (K1) as the best 
alternative, as they are ranked first. Further, Bamboo (B1) is 
ranked last i.e. 10 by all the six methods, which indicate it is 
the worst alternative among all. Since there is a variation in 
the ranks of the other alternatives, the final ranking is 
determined by combining the ranks of the alternatives, using 
membership degree method. As the first step of membership 
degree method is the formulation of rank frequency matrices, 
described in Eqn. (7). The rank frequency matrix is shown in 
Table 10. 
 Further, membership degree is computed by dividing the 
rank frequency matrix by 6, as given by Eqn. (8). Finally, rank 
index is computed using Eqn. (9), and the alternatives are 
ranked in ascending values of rank index. Table 11 exhibits 
the membership degree, rank index, and final rank of the NFs 
obtained. 

 
Table 6. Best to Others (BTO) pairwise comparison matrix. 

Expert 
No. 

Best 
criteria 

Z1 Z2 Z3 Z4 Z5 Z6 Z7 

1 Z3 3 4 1 2 5 9 7 
2 Z3 2 4 1 2 5 8 5 
3 Z5 9 3 3 2 1 7 7 
4 Z6 7 9 8 8 7 1 8 
5 Z3 6 9 1 7 5 7 8 
6 Z3 2 9 1 3 7 8 8 

Z1: Density; Z2: Hardness; Z3: Wear Rate; Z4: Coefficient of friction; Z5: Compressive Strength; Z6: moisture gain; Z7: Thermal Degradation 
Temperature. 
 
Table 7. Others to Worst (OTW) pairwise comparison matrix. 

Expert No. 1 2 3 4 5 6 
Worst 
Factors 

Z6 Z6 Z1 Z2 Z5 Z2 

Z1 7 7 1 8 3 6 
Z2 6 3 7 1 1 9 
Z3 9 9 8 2 9 1 
Z4 8 9 7 3 3 7 
Z5 4 6 9 7 3 3 
Z6 1 1 3 9 3 2 
Z7 2 7 2 4 2 2 

Z1: Density; Z2: Hardness; Z3: Wear Rate; Z4: Coefficient of friction; Z5: Compressive Strength; Z6: moisture gain; Z7: Thermal Degradation 
Temperature.  
 
Table 8. Calculation of consistency ratio 

Expert No Z1 Z2 Z3 Z4 Z5 Z6 Z7 Consistency 
Ratio 

1 0.1351 0.1013 0.4052 0.2026 0.081 0.0169 0.0579 0.0484 
2 0.1867 0.0933 0.3733 0.1867 0.0747 0.0107 0.0747 0.0644 
3 0.0167 0.1337 0.1337 0.2005 0.401 0.0573 0.0573 0.0479 
4 0.0851 0.0106 0.0745 0.0745 0.0851 0.5957 0.0745 0.0956 
5 0.0913 0.0261 0.5479 0.0783 0.1096 0.0783 0.0685 0.0599 
6 0.2199 0.0209 0.4398 0.1466 0.0628 0.055 0.055 0.0481 
Weighted 
Average 0.1136 0.0661 0.3117 0.1463 0.1457 0.1512 0.0655 0.0622 

Z1: Density; Z2: Hardness; Z3: Wear Rate; Z4: Coefficient of friction; Z5: Compressive Strength; Z6: moisture gain; Z7: Thermal Degradation 
Temperature. 
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Table 9. Performance value, and Ranks of NFs using different MCDM methods 
Alternative 
NFs 

WSM WPM TOPSIS MABAC PIV CoCoSo 
Pi Rank Pi Rank Pi Rank Pi Rank Pi Rank Pi Rank 

H1 0.49679 6 0.25695 7 0.69486 5 0.10926 3 0.16935 4 2.71967 3 
F1 0.65892 2 0.54673 1 0.9474 1 0.22337 2 0.03639 1 3.03354 2 
K1 0.69959 1 0.48885 3 0.69062 9 -0.0522 8 0.19863 8 2.15883 7 
P1 0.45761 7 0.12375 9 0.71814 3 0.04425 7 0.16862 3 2.5986 5 
B1 0.41149 10 0.03762 10 0.05601 10 -0.3285 10 0.49599 10 1.38717 10 
O1 0.65442 3 0.29332 5 0.69098 7 0.05845 5 0.17287 5 2.07174 8 
S1 0.61917 4 0.52765 2 0.74768 2 0.22969 1 0.12504 2 3.04381 1 
C1 0.44352 8 0.19528 8 0.6923 6 0.04631 6 0.18367 7 2.39087 6 
Ba1 0.53884 5 0.37183 4 0.69549 4 0.07609 4 0.17523 6 2.62505 4 
J1 0.41207 9 0.26711 6 0.69087 8 -0.0944 9 0.20631 9 1.84893 9 

Z1: Density; Z2: Hardness; Z3: Wear Rate; Z4: Coefficient of friction; Z5: Compressive Strength; Z6: moisture gain; Z7: Thermal Degradation 
Temperature, H1: Hemp; F1: Flax; K1: Kenaf; P1: Palf; B1: Bamboo; O1: Oil palm; S1: sisal; C1: sisal; Ba1: Banana, J1: Jute 
 
 
Table 10. Rank frequency matrix 

Alternative NFs Rank 
1 2 3 4 5 6 7 8 9 10 

H1 0 0 2 1 1 1 1 0 0 0 
F1 3 3 0 0 0 0 0 0 0 0 
K1 1 0 1 0 0 0 1 2 1 0 
P1 0 0 2 0 1 0 2 0 1 0 
B1 0 0 0 0 0 0 0 0 0 6 
O1 0 0 1 0 3 0 1 1 0 0 
S1 2 3 0 1 0 0 0 0 0 0 
C1 0 0 0 0 0 3 1 2 0 0 
Ba1 0 0 0 4 1 1 0 0 0 0 
J1 0 0 0 0 0 1 0 1 4 0 

H1: Hemp; F1: Flax; K1: Kenaf; P1: Palf; B1: Bamboo; O1: Oil palm; S1: sisal; C1: sisal; Ba1: Banana, J1: Jute. 
 
 
Table 11. Membership degree, rank index, and final ranks of the NFs 

NFs 
Rank Rank 

Index Rank 1 2 3 4 5 6 7 8 9 10 
H1 0 0 0.333 0.167 0.167 0.167 0.167 0 0 0 4.667 4 
F1 0.5 0.5 0 0 0 0 0 0 0 0 1.5 1 
K1 0.167 0 0.167 0 0 0 0.167 0.333 0.167 0 6 7 
P1 0 0 0.333 0.000 0.167 0 0.333 0 0.167 0 5.667 6 
B1 0 0 0 0 0 0 0 0 0 1 10 10 
O1 0 0 0.167 0 0.5 0 0.167 0.167 0 0 5.5 5 
S1 0.333 0.5 0 0.167 0 0 0 0 0 0 2 2 
C1 0 0 0 0 0 0.5 0.167 0.333 0 0 6.833 8 
Ba1 0 0 0 0.667 0.167 0.167 0 0 0 0 4.5 3 
J1 0 0 0 0 0 0.167 0 0.167 0.667 0 8.333 9 

H1:Hemp;F1:Flax;K1:Kenaf;P1:Palf;B1: Bamboo; O1: Oil palm; S1: sisal; C1: sisal; Ba1: Banana, J1: Jute 
 
 
 Table 11 clearly shows that the best available alternative 
natural fiber for fabrication of NFCs used for manufacturing 
of brake pad is Flax (F1), as its rank is 1st, Whereas the worst 
choice among all the NFs is Bamboo (B1) having rank 10. 
Flax is the best choice due to the following reasons:  (i) Its 
wear rate is very low in comparison to other NFs which 
increase their life under variable loads, (ii) Its coefficient of 
friction is high due to which sufficient frictional forces will 
be produced for the braking, (iii) Its compressive strength 
(1200MPa)  is  high,  which makes it enable to bear high 
compressive loads during braking, (iv) its thermal 
degradation temperature is moderately high (250°C)which 
allows it to sustain heat, produced due to frictional forces. It 
can be concluded from Table 11, that the natural fibers in 
decreasing order of their preference for fabrication of brake 
pads are Flax>Sisal> Banana >Hemp>> Oil Palm 
>Palf>Kenaf> Coir> Jute> Bamboo.  
 

3.1 Sensitivity Analysis 
Sensitivity analysis is carried out to guarantee that the found 
results do not reveal any biasness, and furthermore, to analyze 
the consequence of the highest weight criterion on other 
criteria considered in the current research work. From the 
literature, a methodology is found out to perform sensitivity 
analysis [30][31], where the weight of each criteria is changed 
in proportion to the weight of highest weight criteria, and the 
same method is also used in the current study.  Since, the 
highest ranked criterion is Z3 as its weight is highest i.e. 
0.312. Therefore, the value of the weight has been altered 
from 0.1 to 1.0; and all the other criteria weights have been 
determined, which are shown in Table 12. 
 In sensitivity analysis, the effect of changing weight on 
the ranking of alternative materials is observed. For each of 
the new weight, the ranking of the alternatives is done using 
all the six methods which are combined to determine the final 
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ranking. The ranks of the NFs for all the sensitivity runs are 
shown in Table 13. 
 
Table 12. Weights of Criteria in sensitivity analysis 

Criteria Normal r-0.1 r-0.2 r-0.3 r-0.4 r-0.5 r-0.6 r-0.7 r-0.8 r-0.9 
Z1 0.114 0.149 0.132 0.116 0.099 0.083 0.066 0.050 0.033 0.017 
Z2 0.066 0.086 0.077 0.067 0.058 0.048 0.038 0.029 0.019 0.010 
Z3 0.312 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 
Z4 0.146 0.191 0.170 0.149 0.128 0.106 0.085 0.064 0.043 0.021 
Z5 0.146 0.191 0.169 0.148 0.127 0.106 0.085 0.064 0.042 0.021 
Z6 0.151 0.198 0.176 0.154 0.132 0.110 0.088 0.066 0.044 0.022 
Z7 0.065 0.086 0.076 0.067 0.057 0.048 0.038 0.029 0.019 0.010 

 
 
Table 13. Ranking of NFs in Sensitivity Analysis 

Alternative NFs Normal r-0.1 r-0.2 r-0.3 r-0.4 r-0.5 r-0.6 r-0.7 r-0.8 r-0.9 
H1 4 3 3 4 4 4 4 4 4 5 
F1 1 1 1 1 1 1 2 2 2 2 
K1 7 7 7 7 5 6 6 6 6 5 
P1 6 5 5 6 7 7 7 8 9 9 
B1 10 10 10 10 10 10 10 10 10 10 
O1 5 6 6 5 5 5 5 5 5 4 
S1 2 2 2 2 2 2 1 1 1 1 
C1 8 8 8 8 8 8 7 7 7 7 
Ba1 3 4 4 3 3 3 3 3 3 3 
J1 9 9 9 9 9 9 9 9 8 7 

 
 
It can clearly be observed from Table 13 that on changing 
weight of criterion Z3 from 0.1 to 0.9, alternative F1 acquired 
first rank in six out of ten sensitivity runs, and alternative B1 
is placed at last in all the sensitivity runs, which show the 
reliability of the combined method used in this work. Thus, it 
is proved that F1 is best alternative NF for composite 
fabrication for brake pads, whereas B1 is the worst choice for 
the same. Further, ranking of alternatives on varying the 
weight of criterion during sensitivity analysis is shown in the 
form of radar chart in Figure 2.  

 
Fig. 2. Ranking of alternatives in Sensitivity Analysis. 
 
 
4. Conclusions and Scope for Future Work 
 
In this research study, selection of appropriate natural fiber 
for fabrication of NFCs for manufacturing of brake pad was 

successfully made by employing a hybrid MCDM method i.e. 
BWM- CoCoSo method. As per the findings of this study, 
major conclusions are as follows: 
• Ranks calculated by the above mention MCDM 
techniques are combined by the Membership degree method. 
This method suggests that Flax is the best material for the 
Brake pads, as it gets first rank; and Bamboo is the worst 
material, as it gets the tenth rank.  
• The order of preference of natural fibers obtained in the 
present study is Flax>Sisal> Banana >Hemp> Oil Palm > 
Palf> Kenaf> Coir>Jute> Bamboo.  
• While doing sensitivity analysis it was found that flax 
acquired first rank in six out of ten sensitivity runs, and 
Bamboo gets the tenth rank in all the sensitivity runs. 
• Sensitivity coefficient of wear rate is maximum, which 
indicates that it is the most sensitive criterion in the selection 
of the alternative NF for the brake pads. 
In future, similar study may be carried out by including more 
alternative natural fibers, and more evaluation criteria in the 
selection problem, and the problem may be solved by using 
other MCDM methods; and the results may be compared with 
those presented in this paper.  
 
This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License. 

 
 

 
______________________________ 

References 
 
1. Geoffrey Nicholson, “Facts about friction : a friction material manual 

almost all you need to know about manufacturing ; 100 years of 
brake linings & clutch facings,” in Facts about friction : a friction 
material manual almost all you need to know about manufacturing ; 
100 years of brake linings & clutch facings, 1995. 

2. K. K. Ikpambese, D. T. Gundu, and L. T. Tuleun, “Evaluation of 
palm kernel fibers (PKFs) for production of asbestos-free automotive 
brake pads,” J. King Saud Univ. - Eng. Sci., vol. 28, no. 1, pp. 110–
118, Jan. 2016, doi: 10.1016/j.jksues.2014.02.001. 

3. V. S. Aigbodio, U. Akadike, S. B. Hassan, F. Asuke, and J. O. 



Farheen Jahan, Manoj Soni, Saif Wakeel, Shafi Ahmad and Sedat Bingol/ 
Journal of Engineering Science and Technology Review 15 (1) (2022) 24 - 33 

 32 

Agunsoye, “Development of asbestos - free brake pad using 
bagasse,” Tribol. Ind., vol. 32, no. 1, pp. 12–18, 2010. 

4. U. D. Idris, V. S. Aigbodion, I. J. Abubakar, and C. I. Nwoye, “Eco-
friendly asbestos free brake-pad: Using banana peels,” J. King Saud 
Univ. - Eng. Sci., vol. 27, no. 2, pp. 185–192, 2015, doi: 
10.1016/j.jksues.2013.06.006. 

5. S. J. Kim, K. S. Kim, and H. Jang, “Optimization of manufacturing 
parameters for a brake lining using Taguchi method,” J. Mater. 
Process. Technol., vol. 136, no. 1–3, pp. 202–208, 2003, doi: 
10.1016/S0924-0136(03)00159-6. 

6. T. Singh, A. Patnaik, R. Chauhan, and P. Chauhan, “Selection of 
Brake Friction Materials Using Hybrid Analytical Hierarchy Process 
and Vise Kriterijumska Optimizacija Kompromisno Resenje 
Approach,” Polym. Compos., vol. 39, no. 5, pp. 1655–1662, 2016, 
doi: https://doi.org/10.1002/pc.24113. 

7. H. Abramovich, Introduction to composite materials. 2017. 
8. R. U. Rao and G. Babji, “A Review paper on alternate materials for 

Asbestos brake pads and its characterization,” Int. Res. J. Eng. 
Technol., vol. 2, no. 2, pp. 556–562, 2015. 

9. A. Kumar and A. Srivastava, “Preparation and Mechanical 
Properties of Jute Fiber Reinforced Epoxy Composites,” Ind. Eng. 
Manag., vol. 06, no. 04, 2017, doi: 10.4172/2169-0316.1000234. 

10. M. S. Salit, M. Jawaid, N. Bin Yusoff, and M. E. Hoque, 
Manufacturing of natural fibre reinforced polymer composites, no. 
April. 2015. 

11. K. L. Pickering, M. G. A. Efendy, and T. M. Le, “A review of recent 
developments in natural fibre composites and their mechanical 
performance,” Compos. Part A Appl. Sci. Manuf., vol. 83, pp. 98–
112, 2016, doi: 10.1016/j.compositesa.2015.08.038. 

12. M. Amiri and M. S. M. M. Emamat, “A Goal Programming Model 
for BWM,” Inform., vol. 31, no. 1, pp. 21–34, 2020, doi: 
10.15388/20-INFOR389. 

13. J. Rezaei, “Best-worst multi-criteria decision-making method: Some 
properties and a linear model,” Omega (United Kingdom), vol. 64, 
pp. 126–130, 2016, doi: 10.1016/j.omega.2015.12.001. 

14. H. Badri Ahmadi, S. Kusi-Sarpong, and J. Rezaei, “Assessing the 
social sustainability of supply chains using Best Worst Method,” 
Resour. Conserv. Recycl., vol. 126, no. May, pp. 99–106, 2017, doi: 
10.1016/j.resconrec.2017.07.020. 

15. H. Gupta, “Evaluating service quality of airline industry using hybrid 
best worst method and VIKOR,” J. Air Transp. Manag., vol. 68, pp. 
35–47, 2018, doi: 10.1016/j.jairtraman.2017.06.001. 

16. N. Salimi and J. Rezaei, “Evaluating firms’ R&D performance using 
best worst method,” Eval. Program Plann., vol. 66, no. May 2017, 
pp. 147–155, 2018, doi: 10.1016/j.evalprogplan.2017.10.002. 

17. S. Wakeel, S. Bingol, M. N. Bashir, and S. Ahmad, “Selection of 
sustainable material for the manufacturing of complex automotive 
products using a new hybrid Goal Programming Model for Best 
Worst Method–Proximity Indexed Value method,” Proc. Inst. Mech. 
Eng. Part L J. Mater. Des. Appl., vol. 235, no. 2, pp. 385–399, 2021, 
doi: 10.1177/1464420720966347. 

18. N. Vafaei, R. A. Ribeiro, and L. M. Camarinha-Matos, “Selection of 
normalization technique for weighted average multi-criteria decision 
making,” IFIP Adv. Inf. Commun. Technol., vol. 521, pp. 43–52, 
2018, doi: 10.1007/978-3-319-78574-5_4. 

19. P. Karande, E. K. Zavadskas, and S. Chakraborty, “A study on the 
ranking performance of some MCDM methods for industrial robot 
selection problems,” Int. J. Ind. Eng. Comput., vol. 7, no. 3, pp. 399–
422, 2016, doi: 10.5267/j.ijiec.2016.1.001. 

20. D. S. Kumar and K. N. S. Suman, “Selection of Magnesium Alloy 
by MADM Methods for Automobile Wheels,” Int. J. Eng. Manuf., 
vol. 4, no. 2, pp. 31–41, 2014, doi: 10.5815/ijem.2014.02.03. 

21. K. P. Yoon and C. L. Hwang, “Multiple attribute decision making: 
an introduction,” vol. 1, 1995, Online.. Available: 
http://www.google.com/books?hl=pt-
BR&lr=&id=Fo47SWBuEyMC&oi=fnd&pg=PR5&dq=Multiple+a
ttribute+decision+making.+Quantitative+applications+in+the+socia
l+sciences&ots=etjdLmFyzX&sig=4ZhTdxbPWHGi1u_Tr7zIfZ3uj
5I. 

22. M. Behzadian, S. Khanmohammadi Otaghsara, M. Yazdani, and J. 
Ignatius, “A state-of the-art survey of TOPSIS applications,” Expert 
Syst. Appl., vol. 39, no. 17, pp. 13051–13069, 2012, doi: 
10.1016/j.eswa.2012.05.056. 

23. D. Pamučar and G. Ćirović, “The selection of transport and handling 
resources in logistics centers using Multi-Attributive Border 
Approximation area Comparison (MABAC),” Expert Syst. Appl., 
vol. 42, no. 6, pp. 3016–3028, 2015, doi: 
10.1016/j.eswa.2014.11.057. 

24. D. I. Božanić, D. S. Pamučar, and S. M. Karović, “Application the 
MABAC method in support of decision-making on the use of force 
in a defensive operation,” Tehnika, vol. 71, no. 1, pp. 129–136, Mar. 
2016, doi: 10.5937/tehnika1601129b. 

25. S. Bingöl, “a Hybrid Multi-Criteria Decision Making Method for 
Robot Selection in Flexible Manufacturing System,” Middle East J. 
Sci., vol. 6, no. 2, pp. 68–77, 2020, doi: 10.23884/mejs.2020.6.2.03. 

26. S. Mufazzal and S. M. Muzakkir, “A new multi-criterion decision 
making (MCDM) method based on proximity indexed value for 
minimizing rank reversals,” Comput. Ind. Eng., vol. 119, no. March, 
pp. 427–438, 2018, doi: 10.1016/j.cie.2018.03.045. 

27. M. Yazdani, P. Zarate, E. Kazimieras Zavadskas, and Z. Turskis, “A 
combined compromise solution (CoCoSo) method for multi-criteria 
decision-making problems,” Manag. Decis., vol. 57, no. 9, pp. 2501–
2519, 2019, doi: 10.1108/MD-05-2017-0458. 

28. S. Hashemkhani Zolfani, P. Chatterjee, and M. Yazdani, “A 
structured framework for sustainable supplier selection using a 
combined BWM-CoCoSo model,” no. May, 2019, doi: 
10.3846/cibmee.2019.081. 

29. W.-C. Yang, S.-H. Chon, C.-M. Choe, and U.-H. Kim, “Materials 
Selection Method Combined with Different MADM Methods,” J. 
Artif. Intell., vol. 1, no. 2, pp. 89–100, 2019, doi: 
10.32604/jai.2019.07885. 

30. C. Prakash and M. K. Barua, “Integration of AHP-TOPSIS method 
for prioritizing the solutions of reverse logistics adoption to 
overcome its barriers under fuzzy environment,” J. Manuf. Syst., vol. 
37, pp. 599–615, 2015, doi: 10.1016/j.jmsy.2015.03.001. 

31. S. K. Mangla, P. Kumar, and M. K. Barua, “Resources , 
Conservation and Recycling Risk analysis in green supply chain 
using fuzzy AHP approach : A case study,” Resour. Conserv. 
Recycl., vol. 104, pp. 375–390, 2015. 

  
 
Abbreviation  

AHP Analytic Hierarchy Process NFCs Natural fiber composites 
ARAS Additive Ratio Assessment method NFC Natural fiber composite 
B1  Bamboo 

 
NFs Natural fibers 

 
Ba1   Banana O1 Oil palm 

 
BTO Best to Others 

 
OTW Others to Worst 

BWM Best Worst Method P1 Palf 
BAO   The Border Approximation area 

 
PIV Proximity Indexed Value 

 
C1 coir 

 
S1 Sisal 

CoCoSo   Combined Compromise Solution 
 

TOPSIS Technique for Order of Preference by Similarity to 
Ideal Solution 
 

COPRAS     Complex Proportional Assessment VIKOR Vise Kriterijumska Optimizacija I Kompromisno 
Resenje 
 

F1   Flax WASPAS The weighted aggregated sum product assessment 
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FAHP Fuzzy Analytic Hierarchy Process 

 
WPM Weighted Product Method 

 
H1 Hemp WSM Weighted Sum Method 

 
J1 Jute 

 
Z1                                     
 

Density 

K1 Kenaf Z3    Wear Rate 
LGPMBWM    Linear Goal Programming Model for Best 

Worst-Method 
 

Z4     Coefficient of friction 

MABAC       Multi-Attributive Border Approximation 
Area Comparison methods 

Z5 Compressive Strength 

MCDM       Multi-criteria decision-making 
 

Z6   Moisture Gain 

NF    Natural fiber Z7     Thermal Degradation Temperature 
 


